ODC  JiULCOH.  Ml  AO  >4266 


DEVELOPMENT  OF  A HIGH-VOLTAGE 
LINEAR  ACTUATOR  AMPLIFIER  SYSTEM 

D.  Smart 

Physics  International  Company 
San  Leandro,  CA  94577 

July  1979 

Final  Report 


- J- 


AIR  FORCE  WEAPONS  LABORATORY 
Air  Force  Systems  Command 

Kir?!and  Air  Force  Base,  NM  871  17 


AFWL-TR-78-1 23 

ujs:  *" 

t.  H!n^cits?es(^r::r^eK[:^:?o?;r^5«t  orm^w 

When  US  Government  drawings,  specifications,  or  0<*erjJ*j-*  ooeraMon^the^ 
purpose  other  than  a definitely  related  Government  procurement  operation,  the^ 

Government  thereby  Incurs  no  responsibll ity  njr  any  o 9 • 

the  fact  that  the  Government  may  have  formulated,  furnished,  or  y > 

supplied  the  said  drawings,  specifications,  or  other  data  1 no  to  be  re a ded 
by  implication  or  otherwise,  as  In  any  manner  1 Icenslng  the  holder  or  ay 
person  or  corporation,  or  conveying  any  rights  or  Permission  to  manufacture,  use, 
or  sell  any  patented  invention  that  may  in  any  way  be  related  .hereto. 

This  report  has  been  authored  by  a contractor  of  the  United  States  Government. 
The  United  States  Government  retains  a nonexclusive,  royalty-free  license  to 
publish  or  reproduce  the  material  contained  herein,  or  allow  others  to  do  so, 
for  the  United  States  Government  purposes. 

This  report  has  been  reviewed  by  the  Information  Office  and  Is  releasable 
to  the  National  Technical  Information  Service  (NTIS).  At  NTIS,  it  fill  be 
available  to  the  general  public,  including  foreign  nations. 

This  technical  report  has  been  reviewed  arid  Is  approved  for  publication. 


(jj'jhts y>1  i\Gs)t\A* — 

WILLIAM  J.  LANGE  ^ 
Project  Officer 


| > <■  * v 1 0 [ J l (y*I 

I l -i  i (5.I.-.&1 

^mR  d. 

Lt  Colonel,  USAF  ! Ty_ . , . 


R THE  COMMANDER 


10UIS  H.  BERNASCDNI 
[olonel,  USAF 
thief,  LEAPS  Division 


Chief,  Pulsed  Laser  ^st^njs  ;8rahc>f  ~ 


Av.'i  n '-.l  t cy  .-j_ 

A Vi.  i L aiid/Oi- 


DO  NOT  RETURN  THIS  COPY.  RETAIN  OR  DESTROY. 


7 AUTHOMf#; 


• Cow rn act  or  onant  •/ 


D.  Smart 


F29601 -77-C-0CA7 ' 


» PERFORMING  Q"G*H!ZATlON  N *M  C AMO  AOQKtiS 

Physics  International  Company  / 
San  Leandro,  CA  94577 


II.  CON  TNOL  LING  Of  net  N«M(  AnO  »oo«en 

Air  Force  Weapons  Laboratory  (PGS) 
Kirtland  Air  Force  Base,  M“  97117 


>2  RfRORT  O AT  t 

July  1979 


nu’^-.r  of  w ages 

20fi 


4 MOMI  TORINO  AOtHCY  MAMl  4 AOQRfSSf'ff  dlifmttnt  tram  Controlling  Ottlf)  1$.  IfCURlTY  CLASS.  'of  ffi<  i • •port) 

UNCLASSIFIED 


15».  OtCj.  AJSl^lC  AT10N/  00«NGRA0lN6 
f Cm ft  Du  LC 


If.  OllTAIfUtlON  STAttMCNT*  [at  thf  Report) 


Approved  for  public  release;  distribution  unlimited, 


17.  0|1T  Rl  ■ U TIOW  ST  ATKMKnT  'at  tha  mpatrmr.i  mm  it  ad  tn  tiloo M 30,  it  411/irptU  Ho*  Hipoit) 


'9.  K CY  wOftOt  (Continue  on  r*v«r*«  *id*  If  memory  mui  IdirMItf  bv  nuattimr) 

Linear  amplifier  system,  switching  amplifier  system,  Class  D amplifier  system, 
aircraft  amplifier  system,  actuator  amplifier  system,  adaptive  optics  amplifier 
system. 

> i 


20,  ABSTRACT  fComlmi*  an  rmvotoo  aid*  I I mom  ary  wirf  Menf/fy  t>r  Mock 

/•A  lightweight,  compact,  61-channel  linear  switching  amplifier  system  has  been 
developed  for  aircraft  use.  Each  channel  accepts  Input  In  the  ±10  V range  and 
outputs  ±1500  V Into  a capacitive  load  of  0,05  pf„  The  design  employs  a 
system  of  Incremental  resonant  charging  of  the  load,  controlled  by  a system 
clock.  Internal  losses  are  minimized  to  hold  size  and  weight  to  a minimum. 

The  amplifiers  as  designed  are  flat  In  frequency  response  dc  to  400  Hz  without 
slew  rate  limitation.  Linearity  Is  better  than  1 percent  full  scale.  The 


DO  i jah*7»  1471,,  eorrto*,  or  i mov  *3  is  obsolete 


UNCLASSIFIED 

SBCURlT  Y CL  AUI F 1C  AT  ION  O f TMI»>AOl  (WhitTo**  Kniornf) 


BLOCK  20,  ABSTRACT  (Conc)udfd) 

mirror  system""1*!!  oJirin *"  •toottn  optics 
completed,  and  t two-channel  hr!rrk£..,  /,t  ",th  r.ompotor  modeling  was 
rue  tests  showed  t”t  sy»£m  T‘  W"*'™**.  Hehugged,  and  tested 

derieieocfes  £?£!'"*:!"“  **r*  “f  *'th  •»'/  "'"or 

development  effoptj,  ® sw  ^ate,  correctable  with  nominal 


CONTENTS 


SECTION  1 
SECTION  2 


SECTION  3 

SECTION  4 


SECTION  5 
APPENDIX  A 
APPENDIX  B 
APPENDIX  C 
APPENDIX  D 
APPENDIX  E 
a:  PEN  I)  IX  F 


Page 

INTRODUCTION  AND  SUMMARY  7 


SYSTEM  DESIGN  15 


2.1 

Introduction 

15 

2.2 

Power  Switching  Stage 

24 

2.3 

Driver  Logic 

34 

2.4 

Fault  Protection 

39 

2.5 

Common  Logic 

40 

2.6 

Signal  Input 

41 

TESTING  AND  MODIFICATION 

43 

3.1 

Breadboard  Testing 

43 

3.2 

Fabrication  and  Development  Testing 

49 

3.3 

Conclusion 

52 

PERFORMANCE 

55 

4.1 

Introduction 

55 

4.2 

Power  Consumption 

60 

4.3 

Linearity 

61 

4.4 

Frequency  Response 

63 

4.5 

Slew  Rate 

66 

4.6 

Switching  Noise 

69 

4.7 

Dual  Channel  Interaction 

**  ^ 

/ J 

4.8 

Drift 

-» 

/ J 

4.9 

Comparison  with  Computer  Prediction 

•"> 

/ J 

CONCLUSIONS  AND  RECOMMENDATIONS  SI 


CONCLUSIONS  AND  RECOMMENDATIONS  SI 
AFASEC  CIRCUIT  ANALYSIS  PROGRAM  S7 
HEAT  TRANSFER,  STRESS  ANALYSIS  DESIGN  133 
SUBSYSTEM  HAZARD  ANALYSIS  141 
SCHEMATIC  DIAGRAMS  145 
PARTS  BREAKDOWN  15 3 
OPERATING  INSTRUCTIONS  170 


1 


CONTENTS  (cont.) 


APPENDIX 

G 

CALIBRATION 

181 

APPENOXX 

H 

LIST  OF  TAPES 

185 

APPENDIX 

I 

NORLAND  DATA  REDUCTION  PROGRAMS 

191 

APPENDIX 

J 

INSTRUMENTS  USED  IN  TESTS 

19  5 

APPENDIX 

K 

THEORY  OF  VARIABLE  LOAD 

199 

ILLUSTRATIONS 


rigure 

I 

?. 

3a 

3b 

4 

5 

6 

** 

/ 

8 

9 

10 

II 
12 

13 

14 

1 5 

1 h 

I 


System  Block  Diagram 

Photograph  of  Development  System 

Resonant  Charging 

Incremental  Resonant  Charging 

Actuator  Amplifier  Prototype  and  Common  Logic 
Breadboard  Wiring  Diagram 

Logic  PC  Board  No.  1 Schematic 

Logic  PC  Board  No.  2 (Piggyback)  Schematic 

Main  PC  Board  Schematic  (Driver  Circuits) 

Heat  Sink  Schematic 

Common  Logic  Schematic 

Capacitance  Problems  (Transformer) 

Capacitance  Problems  (Transformer) 

HVG  Modification 

Operation  of  Power  Switching  Stage  (Increasing 
Ramp ) 

Operation  of  Power  Switching  Stage  (Decreasing 
Ramp) 

Transistor  Pulse  Width  Versus  Required  Stack 
Voltage  Change 

System  Time  Line 

Logic  Integrator 


Page 

11 

12 

16 

lo 

17 

18 

19 

20 
21 

204 

27 

2S 

30 

31 

*5  O 

35 

•N  — • 

J>  / 


ILLUSTRATIONS  (cont.) 


21 

22 

23 


24 

25a 

25b 

26 

27 

28 
29a 
29b 


Page 


Breadboard  Schematic  44 

Power  Consumption  Versus  dc  Voltage  Output  62 

Power  Consumption  Versus  ac  Frequency  62 

Linearity  Versus  Amplitude  (Channel  7,  Triangle  64 
Waves) 

Typical  Triangle  Wave  Response  65 

Frequency  Response  to  Sine  Wave  Signals  67 

Typical  Response  to  Step  Function  (Square 

Wave)  Input  68 

Typical  Square  Wave  Rising  Edge  Response  70 

Switching  Noise  Amplitude  Versus  dc  Voltage  72 

Switching  Noise  Frequency  Versus  dc  Voltage  72 

Sine  Wave  Versus  dc  Interaction  74 

Square  Wave  Versus  Triangular  Wave  75 

Actual  Output  Versus  Computer  Model  76 

Actual  Input  and  Output  (0.5  V Peak,  1 kH)  77 

Computer-Predicted  Output  and  Referenced  Input  78 

(1  V Peak,  2 kH) 


J 


LIST  OF  TABLES 


Table 

1 Specifications 

2 Transistor  To*ta 

3 Single  Channoi  Performance  Tests 

4 Dual  Channel  Performance  Tests 

5 Performance  Versus  Design  Goals 

6 Recommended  Further  Work 


Page 

9 


H i 


50 

57 

82 

84 


:h 


SECTION  1 


INTRODUCTION  AND  SUMMARY 

Today's  laser  technology  involves  high-precision  optical 
elements  capable  of  executing  minute  deformations,  down  to  a frac- 
tion of  a wavelength  of  visible  light,  in  response  to  realtime 
signals.  The  methods  of  building  and  using  these  optical  elements 
has  given  rise  to  a whole  new  technology,  adaptive  optics.  ’The 
elements  involved  are  lenses,  prisms,  and  in  particular,  mirrors. 

The  mirrors  function  within  the  lasers  themselves  and  in  the 
downstream  control  and  application  of  laser  light  beams.  Laser 
beams  can  be  focused  and  aimed  by  minute  deformations  or  correction 
locations  in  the  mirror  elements.  These  deformations  compensate 
for  atmospheric  refraction  and  defocusing  effects.  Laser  mirrors 
typically  have  twenty  to  seventy  deformations  or  correction  loca- 
tions, the  actual  number  in  any  one  mirror  being  a compromise 
between  physical  size,  system  requirement,  and  cost. 

Because  the  motions  required  of  the  optical  elements  are  on 
the  order  of  a few  hundred  micrometers,  the  use  of  piezoelectric 
(PZ)  discs  arranged  into  a stacked  configuration  ideally  suit  the 
requirements.  The  length  of  a piezoelectric  stack  increases  with 
applied  voltage,  nearly  independently  of  mechanical  forces  applied 
to  it  (except  that  those  forces  can  also  induce  voltages  in  the 
actuator ) . A servo  command  signal  can  thus  be  amplified  and  its 
output  applied  directly  to  the  actuator.  If  the  amplifier  output 
is  made  to  be  a stiff  voltage  source  (i.e.,  with  constant  voltage 
regardless  of  current) , the  amplifier  can  then  absorb  the  currents 
(educed  from  mechanical  strain  on  the  actuator  from  any  source 
such  as  movement  of  adjacent  actuators. 
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The  operational  use  of  PZ  transducers  in  d-sj  tmable  mirrors 
has  been  limited  by  the  high-voltage  amplifiers  required  to  drive 
them.  Several  characteristics  of  these  transducers  as  electrical 
loads  complicate  the  design  of  such  an  amplifier.  The  stored 
electrical  energy  associated  with  a given  deformation  is  nearly 
all  of  the  total  energy  delivered  to  achieve  the  deformation,  so 
the  transducers  present  a nearly  pure  capacitance  to  the  amplifier 
The  output  voltage  is  required  to  change  by  a 3000-v  swing  into  a 
load  capacitance  of  about  0.05  y.f,  and  the  bandwidth  at  this  am- 
plitude must  be  dc  to  at  least  several  hundred  Hz.  High-voltage 
amplifiers  previously  used  in  this  application  have  been  of 
class  A or  AB  dissipative  designs,  typically  occupying  several 
equipment  racks  and  weighing  several  thousand  pounds. 

The  objective  of  this  contract  is  the  development  of  compact, 
lightweight,  and  efficient  high-voltage  piezoelectric  transducer 
driver  amplifiers.  The  effort  covered  is  the  conceptual  design 
of  a 61-channel  system,  and  design,  fabrication,  and  testing  of 
a two-channel  prototype.  Design  specifications  are  presented 
in  Table  1. 

The  severe  volume,  weight,  and  power  constraints,  placed  upon 
the  system  suggest  that  a class  D switching  amplifier  be  used  so 
that  as  much  energy  as  possible  could  be  reclaimed  and  restored 
during  a stack  discharge  or  a down  ramp.  A.-  gposed  to  other 
switching  amplifiers,  the  design  developed  under  this  contract 
uses  resonant  charging  and  discharging  of  the  load  through  an 
inductor.  The  resonant  circuit  is  the  inductor  and  the  capacit- 
ance of  the  load  itself. 


TABLE  1 


SPECIFICATIONS 


The  deliverable  item  includes  a two-channel  prototype/bread 
board  of  the  actuator  amplifier  system  including  a common  logic 
breadboard  to  provide  common  signals  to  the  channel  amplifiers, 
but  does  not  include  dc  power  supplies. 


Power  required: 


Load  Capacitance: 

Gain: 

Offset: 

Linearity : 

Input  source: 

Maximum  voltage  rating 
on  input  terminals: 

Impedance  of  input 
terminals  to  input  signal: 

Output  voltage  range: 

Small-signal  frequency 
response : 

Large-signal  frequency 
response : 

Slew  rate: 

Switching  clock  rate: 
Switching  noise: 

•or.-,* -not  ion  : 


+112  V dc,  2 amp  \ 

+7  V dc , 0 . amp  / 

-7  V dc,  1 amp  / ±10% 

+15  V dc,  0.2  amp  V 
-15  V dc,  0.2  amp  / 

+5  V dc,  0.5  amp  ) + 

-10  V dc,  0.1  amp  j 

0.05  uf,  ±20%  each  channel 

150  ± 20%  adjustable 

± 600  V output,  adjustable 

1%  full  scale,  including  dead 
band 

analog  signal,  operational 
+10  V to  -10  V 

±40  V 

100  kft,  except  impedance 
drops  to  2 kQ  for  input 
voltages  > +10  V and  < -10  V 

+ 1500  V to  -1500  V 

dc  to  4 kHz  (3  db  down' 

dc  to  400  Hz  (sine  wave, 
slew  rate  limited) 

3750  V/ms 

25  kHz,  crystal  controlled 

dc,  48  db  delow  full  output 
swing;  full  amplitude  ac , 

42  db  below  full  output  swing 

up  to  120  wa t ts/channol 


The  switching  amplifier  that  has  been  constructed  has  very 
high  efficiency  and  thus  can  be  packaged  in  a very  small  volume 
for  the  level  of  energy  that  it  handles.  There  are  no  deliberately 
dissipative  elements  on  the  main  power  flow  path;  the  only  losses 
are  the  ohmic  losses  of  the  inductor  and  transformer,  the  ferrite 
core  losses  of  these  components,  and  the  switching  losses  in  the 
transistors. 

Figure  1 is  a block  diagram  of  the  complete  system,  showing 
those  sections  that  must  be  duplicated  61  times  (e.g.,  the  indi- 
vidual channel  power  stages  and  associated  logic) and  those  sec- 
tions that  need  be  present  only  once  (e.g.,  the  common  dc  power 
supplies  and  the  common  logic) . For  economy  of  space  and  weight, 
the  channel  units  were  packaged  in  modules  of  eight.  Each  module 
consists  of  three  boards,  the  logic  No.  1 board,  the  logic  No.  2 
(pi-9^yhac*c ) board,  and  the  main  amplifier  board— —the  last  carrying 
the  heat  sink  with  its  water  cooling.  Each  of  these  three  boards 
carries  its  respective  part  of  eight  channels. 

A detailed  description  of  the  final  design  of  the  amplifier 
is  given  in  Section  2.  Modifications  made  to  the  design  during 
the  development  and  testing  program  are  summarized  in  Section  3. 
Actual  performance  of  the  amplifier  is  presented  in  Section  4, 
and  conclusions  and  recommendations  are  in  Section  5. 

Figure  2 is  a photograph  of  the  two-channel  prototype  and 
the  common  logic  breadboard. 

Results  of  this  program  demonstrate  that  it  is  feasible  to 
design  and  fabricate  a multi-channel  resonantly-charged  class  D 
switching  amplifier  that  will  meet  the  essential  requirements  of 
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the  specification.  The  two  prototype  channels  that  were  developed 
and  tested  were  shown  to  operate  with  no  significant  crosstalk, 
and  the  circuits  performed  within  specif ications  for  drift, 
linearity,  and  switching  noise. 

The  system  as  built  meets  frequency  and  dissipation  require- 
ments, and  at  least  in  design  meets  voltage  and  slew  rate 
requirements.  Maximum  voltage  could  not  be  achieved  reliably  on 
one  of  the  two  channels;  above  1350  V,  a catastrophic  failure 
would  occur,  indicative  of  saturation  in  the  112-V  supply. 

Volume  requirements  could  not  be  met  without  a substantial  in- 
vestment in  hybridization,  which  is  out  of  the  question  for  a 
proof-of-principle  program.  The  current  design  requires  about  a 
50  percent  increase  in  weight  and  volume  for  the  full  system;  i.e., 
a full  61-channel  system  would  occupy  about  3.0  cubic-feet  and 
weigh  about  190  pounds.  However,  the  weight  of  the  coolant  is 
very  small,  so  the  weight  of  the  system  with  coolant  is  still 
within  200  pounds. 

The  worst-case  power  losses  are  within  specifications. 
High-frequency  (400  Hz) , high-amplitude  ac  is  the  worst  case 
for  power  dissipation,  and  120  watts/channel  is  forecast  under 
these  conditions. 

Although  not  all  the  design  goals  of  the  project  have  been 
achieved,  an  actuator  amplifier  system  has  been  designed  and  a 
breadboard  prototype  has  shown  that  the  essential  design  features 
function.  From  the  advanced  base  provided  by  this  work,  systems 
with  a wide  variety  of  specifications  can  be  designed  and  built. 
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SECTION  2 


SYSTEM  DESIGN 


2 . 1 INTRODUCTION 

This  section  describes  in  detail  the  final  design  of  the 
amplifier  developed  under  this  contract.  Schematics  of  the 
circuits  as  built  appear  in  Figures  4 through  9.  Modifica- 
tions made  to  the  initial  design  during  the  development  and 
testing  program  are  summarized  in  Section  3. 

The  actuator  amplifier  is  a class  D,  or  switching  amplifier. 
Switching  amplifiers  are  inherently  more  efficient  than  class  A 
or  class  B amplifiers,  since  nondissipative  use  is  made  of  all 
components.  Like  all  switching  amplifiers,  this  amplifier  is 
controlled  by  a system  clock,  so  that  at  the  beginning  of  each 
clock  period,  a comparison  is  made  of  the  input  signal  and  the 
voltage  on  the  stack.  If  the  difference  exceeds  half  the  "dead 
band,"  a switching  action  is  initiated  to  bring  the  output  to  the 
level  commanded  by  the  input.  This  actuator  amplifier  has  a 
25  kHz  clock  and  drives  a capacitive  load;  the  switching  action 
results  in  resonant  charging  or  discharging  of  the  load. 

The  use  of  resonant  charging  is  the  factor  that  makes  this 
switching  amplifier  design  different  from  other  class  D amplifiers. 
Since  the  load  is  essentially  a capacitance,  current  into  or  out 
of  it  results  in  a charge  voltage  across  it,  rather  than  in  the 
maintenance  of  a voltage  (as  would  be  the  case  with  a resistive 
load) . Resonant  charging  of  a capacitor,  shown  in  Figure  3a  is 
an  inherently  nondissipative  method  of  effecting  a voltage  change 
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to  it,  as  opposed  to  resistive  barging.  In  this  design,  incremental 

resonant  charging,  illustrated  in  Figure  3b,  is  used.  The  objective 

illustrated  is  to  raise  the  output  voltage  by  an  amount  hV . The 

switch  is  turned  on  at  time  t ; then,  at  a designated  time  t. 

o c 

before  .IV  is  attained  it  is  turned  off,  and  the  current  flowing 
through  it  immediately  flows  (free-wheels)  through  diode  D0.  This 
action  reverses  the  voltage  across  L,  and  the  current  decreases  to 
zero  as  shown. 

The  amplifier  is  dc-coupled,  since  it  is  a servo  amplifier; 
it  is  capable  of  considerable  small-signal  frequency  response  to 
allow  for  tight  servo  lock  and  for  dithering  actions.  Here,  the 
requirement  is  a corner  frequency  of  4 kHz.  The  large  signal 
frequency  response  is  less  than  this;  it  is  governed  by  the  slew 
rate  required  and  in  turn  by  the  piezoelectric  stack  limitation 
in  response  to  a rapidly  changing  voltage.  This  change  rate  must 
be  held  to  a level  below  that  which  would  damage  the  piezoelectric 
stack  through  cracking  of  the  PZ  disks  or  cause  instantaneous 
cavitation  by  sudden  size  changes.  The  amplifier  slew  rate  require- 
ment is  set  to  a value  somewhat  below  this  level.  For  this  appli- 
cation, it  is  3750  V/ms,  or  an  average  current  of  0.2  A into  and 
out  of  the  stack. 

Within  the  amplifier's  power  stage,  a dc  power  source  of 
112  V has  been  used,  feeding  the  center  tap  of  transformer  T^ 

(see  Figure  8).  The  switching  action  takes  place  on  the  primary 
side;  the  secondary  circuit  contains  the  inductor.  This  arrange- 
ment also  allows  for  the  output  to  be  bipolar.  Since  the  ampli- 
fier is  to  be  dc-coupled,  a necessary  condition  for  this  type  of 
circuit  is  that  a separate  switching  means  be  present  in  the 
secondary  circuit  so  that  dc  voltage  can  be  held  off  by  something 
other  than  the  magnetizing  inductance  of  the  transformer.  This 
condition  is  provided  by  two  cascaded  NPN  transistors,  Qg  and  Q^Q, 
collectively  termed  the  high-voltage  gate  (HVG) . To  allow  for 
bipolar  output,  these  transistors  operate  through  a diode  auad  (D1r 

± J> 

through  D^g)  • 
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To  provide  for  the  4 kHz  bandwidth,  a switching  clock  rate 
of  2*  times  this,  or  25  kH2,  is  selected.  To  provide  the  slew 
rate,  the  output  voltage  must  be  capable  of  changing  up  to  150  V 
in  either  direction  in  any  one  clock  period.  The  slew  rate  re- 
quirement dictates  the  maximum  current  occurring  in  primary  and 
secondary  circuits,  and  the  physical  size  of  the  major  components. 

The  HVGs  are  open  for  a significant  period  of  time  within 
each  clock  cycle  for  several  reasons.  First,  the  periods  of  time 
during  which  the  HVGs  are  closed  with  current  flowing  through  them 
vary  with  system  requirements,  whereas  the  clock  periods  are  fixed; 
therefore,  the  longest  period  of  time  for  which  the  HVGs  could  be  ex- 
pected to  be  closed  must  be  something  less  than  a full  clock  period. 
Second,  it  is  necessary  for  the  HVGs  co  be  open  for  a portion  of 
every  cycle  so  that  magnetizing  currents  in  the  transformer 
caused  by  time  integration  of  dc  output  voltage  will  not  be 
cumulative.  Third,  although  efforts  have  been  made  to  minimize 
internal  capacitances  in  the  inductive  elements  and,  therefore, 
internal  ringing,  they  cannot  be  entirely  eliminated;  time  must 
be  provided  for  the  ringing  to  damp  out  to  avoid  its  being  cu- 
mulative. And  finally,  time  is  required  by  the  predictive  system 
prior  to  the  start  of  each  active  cycle  to  select  the  proper  curve. 
Happily,  all  of  these  requirements  are  satisfied  concurrently 
by  a single  "rest"  period  in  each  clock  cycle.  However,  this  rest 
period  increases  somewhat  the  maximum  peak  current  that  must  flow 
through  the  inductive  elements  and  the  switching  transistors. 

2.2  POWER  SWITCHING  STAGE 

The  power  switching  stage  uses  resonant  charging  and  dis- 
c burning  of  an  assumed  capacitive  load,  controlled  by  incremental 
timed  switching.  The  charging/discharging  inductance  (see 

nr-  3:  is  set  so  the  resonant  charging  frequency  is  one-fourth 
• • I •>  frequency.  For  reasons  explained  above,  only  one-half 


of  each  40  us  clock  period  is  available  to  pass  current.  In  any 
gwen  clock  cycle,  a change  to  the  load  voltage  ranging  from  a 
minimum  of  10  V (0.6  percent  of  peak  range,  within  the  dead  band 
specification)  to  a maximum  of  150  V (to  meet  slew  rate  require- 
ments) may  be  required.  The  maximum  time  for  any  one  charging 
or  free-wheeling  current  ramp  can  be  expected  to  be  80  percent 
of  the  maximum  time  available  for  current  to  flow,  or  16  us.  We 
wish  to  make  the  resonant  period  much  longer  than  this  to 
linearize  the  ramps  (and  thus  minimize  the  maximum  current 
values)  while  holding  the  inductance,  and  the  air  gap  size  to 
a reasonable  value  for  linearity  of  the  inductance.  An  acceptable 
trade-off  is  160  ys  for  a resonant  period.  See  Figure  16,  System 
Time  Line  . Tnr  an  illustration  of  the  relationships  of  the  load 
voltage,  ’._ou  current,  and  transistor  switching  actions. 

The  high-voltage  requirements  necessitate  use  of  a trans- 
former, so  that  the  power  source  and  switching  transistors  operate 
at  a safer,  more  convenient  voltage.  For  reasons  primarily  de- 
pendent or,  the  ratings  of  available  switching  transistors,  a 
supply  voltage  of  112  V is  chosen.  Since  only  NPN  transistor 
types  can  operate  at  the  necessary  voltages  and  currents  with  the 
speed  required  for  a realistic  design,  a push-pull  configuration 
is  used.  This  configuration  causes  at  least  twice  the  supply 
voltage  to  fall  across  a transistor  when  it  turns  off.  As  a result, 
the  diode  at  the  opposite  end  of  the  primary  free-wheels  the  de- 
popping current;  that  is,  it  passes  the  current  generated  from 
the  energy  stored  in  the  transformer's  and  ' s magnetic  field. 

To  provide  adequate  voltage  to  the  inductor,  a transformer  with 
an  effective  turns  ratio  of  17  to  1 is  required.  However,  because 
of  the  masking  effects  of  internal  circulating  currents  caused 
by  various  transformer  and  circuit  capacitances,  the  actual  turns 
ratio  required  is  19  to  1.  The  maximum  currents  in  the  secondary 
will  be  0.9  A,  and  in  the  primary,  with  magnetizing  currents 
included,  19  A. 


ALthough  very  close  coupling  between  primary  and  secondary 
is  not  required,  close  coupling  between  the  two  halves  of  the 
primary  is  required,  since  the  transistors  along  with  parallel 
varistors  must  depop  leakage  inductance  energy.  Also,  inter- 
winding capacitance  in  the  secondary  must  be  minimized,  as  its 
value  will  be  multiplied  by  361  when  referred  to  the  primary,  and 
will  form  an  energy-robbing  tank  by  shunting  the  magnetizing  in- 
ductance (see  Figure  10).  For  reasons  that  will  be  explained,  it 
is  also  necessary  to  minimize  the  primary- to-secondary  capacitance. 
Furthermore,  the  magnetizing  inductance  of  the  transformer  must  be 
closely  controlled.  The  exact  value  required  will  be  determined  by 
experimentation.  The  value  is  fixed  by  the  amount  of  air  gap 
between  the  two  pot  core  halves.  Too  much  inductance  will 
result  in  saturation  when  there  is  maximum  dc  voltage  on  the 
output,  or  when  full-amplitude  slews  are  commanded.  Too  little 
inductance  will  result  in  excessive  internal  ringing,  losses, 
and  leakage  inductance,  and  sensitivity  to  timing  errors. 

To  maintain  a charge  on  the  load  between  charge  cycles, 
it  is  necessary  to  employ  switching  on  the  secondary  side.  NPN 
transistors  that  will  hold  off  up  to  1500  V are  used,  and  a diode 
quad  is  used  to  allow  the  load  to  remain  charged  in  either  di- 
rection. Although  the  transistors  need  not  be  hot-switched, 
they  must  be  turned  off  exactly  when  the  charging  current  in 
the  secondary  drops  to  zero.  Since  in  practice  the  turnoff 
timing  is  never  exact,  Cl  connected  across  the  quad  is  provided 
to  absorb  any  remaining  current  energy  at  turnoff,  and  a resistor 
is  provided  to  damp  out  the  tank  it  forms  with  the  charging 
inductor.  The  magnetizing  inductance  of  the  transformer  also 
provides  assistance  in  desensitizing  the  system  from  timing 
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CAUSING  RINGING  IN  VOLTAGE 
AND  CURRENT  WAVEFORMS. 

SOME  POWER  IS  TRAPPED  IN 
THE  TANK  CIRCUIT  AND  IS 
NOT  RECOVERABLE. 


THIS  CAN  BE  REDUCED  BY  V 
PROPER  CONSTRUCTION  AND 
SLIGHTLY  LARGER  TRANSFORMER 
AND  INDUCTOR 


Figure  10,  Capacitance  problems  (transformer), 
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As  a worst  case,  instantaneous  voltages  of  3000  V would 
occur  across  the  switching  transistors,  because  of  the  voltage 
doubling  action  of  the  transformer  interwinding  capacitance  on 
the  load  (Figure  11).  The  capacitance  within  the  transistors 
themselves  adds  to  this  effect.  Since  the  transistors  selected 
have  a hold-off  voltage  rating  of  only  1500  V,  two  transistors 
in  series  are  provided.  In  addition,  a zener  network  is  pro- 
vided to  dissipate  this  energy,  which  would  otherwise  manifest 
itself  in  excessive  transistor  voltage  (Figure  12).  The  network 
consists  of  six  200-V  zener  diodes  in  series  across  each  transistor, 
so  that  when  the  total  voltage  across  the  two  transistors  exceeds 
2400  V,  the  zeners  conduct;  in  dissipating  power  in  their  avalanche 
mode,  they  effectively  de-energize  the  tank  created  by  the  mag- 
netizing inductance  of  T.  and  the  transistor,  and  interwinding 
capacitances . 

Thus,  the  power  stage  of  the  amplifier  is  a switching 
class-D  amplifier  stage  employing  a resonant  charging  both  for 
increasing  and  decreasing  the  voltage  on  the  load.  In  increasing 
the  load  voltage,  there  is  a net  flow  of  energy  from  the  capaci- 
tance in  the  112-V  supply  to  the  load  (see  Figure  13) . In  decreas- 
ing the  voltage,  there  is  a net  flow  of  energy  from  the  load  to 
the  internal  dc  supply  (Figure  14).  The  energy  is  stored  internally 
in  large  filter  capacitors  in  the  112-volt  supply.  These  capacitors 
are  selected  for  a total  capacitance  such  that,  if  all  61  channels 
are  driven  in  phase  with  a maximum-amplitude  400~Hz  signal,  the 
ripple  on  the  capacitors  will  be  less  than  2 percent.  A value 
of  2000  p£  is  required. 

When  the  load  voltage  is  near  zero,  the  charging  and  dis- 
charging current  ramps  are  of  approximately  equal  duration.  When 
the  load  voltage  is  high  and  the  input  is  commanding  it  higher, 
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Secondary  - Primary 
Capacitance  - - - - 


Point  sees  capacitance 
to  "ground"  which  is  charged 
by  action  of  Q3  rectifier 
quad. 


It  can  discharge  only  thru  magnetizing 
inductance,  or  when  Q 3 turns  on  during 
following  cycle. 


40  n sec 


Effective  way  of  solving  problem  - reduce  capacitance 
by  increasing  size  of  transformer. 


Figure  11,  Capacitance  problems  (transformer). 
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Zener  clamp  modification  of  HVG 


Charging  current 
builds  up 


figure  13.  Operation  of  power  switching 
stage  (increasing  ramp) * 
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the  charging  ramp  is  longer  than  the  discharging  ramp?  this 
difference  occurs  because  the  voltage  across  during  the  time 
of  the  charging  ramp  is  less  than  during  the  discharging  ramp. 
Conversely,  when  the  load  voltage  is  high  (either  positive  or 
negative),  and  the  input  is  commanding  it  lower,  the  charging 
ramp  is  short  and  the  discharging  ramp  is  long.  In  this  last 
case  there  is  an  extra  commutating  cycle  applied  to  the  driver 
transistors.  This  cycle  is  necessary  because  in  the  decreasing 
ramp  case,  the  magnetizing  current  in  the  transformer  crosses 
zero  before  the  load  current  does;  the  extra  commutating  cycle 
ensures  that  negative  drive  from  the  primary  is  applied  until 
the  secondary  current  is  forced  to  zero.  Therefore,  the  drive 
transistor  opposite  the  one  that  produces  the  actual  drive  is 
turned  on  during  the  free-wheeling  period;  as  the  secondary 
current  approaches  zero,  this  transistor  begins  to  conduct 
primary  current  in  the  opposite  direction  (see  Figure  14). 

The  bases  of  the  driver  and  high-voltage-output  transistors 
are  driven  by  specially  designed  base  driver  circuits  to  minimize 
power  losses  and  to  obtain  minimum  turn-off  time  consistent  with 
secondary  breakdown  considerations.  On  each,  an  NPN  Darlington 
transistor  provides  the  necessary  drive  to  turn  on  the  output 
transistor;  a PN  turns  it  off.  These  base  circuits  in  essence 
provide  an  adequate  current  source  to  the  base  of  the  appropriate 
output  transistor  for  turn-on  and  a stiff  -7  volts  for  turn-off. 
The  circuits  were  developed  during  the  early  stage  of  the  program. 
Using  them  with  selected  PS  and  KVG  transistors,  turn-off  times 
considerably  better  than  the  manufacturers'  specifications  were 
obtained.  Turn-off  times  for  the  PS  transistors  (Delco  or  TRW) 
of  600  ns  were  obtained  consistently.  For  the  HVG  transistors, 
turn-off  times  of  1 and  2 ys  were  repeatedly  obtained. 

Ideally,  there  would  be  no  need  to  power  the  stack  under 
steady-state  dc  conditions.  In  practice  though,  current  will 
;-‘uk  off  the  stack  through  the  voltage-sensing  circuitry;  this 


currt?nt  leakage  will  load  to  a gradual  decrease  in  the  voltage 
across  the  stack  in  accordance  with  a time  constant  of  150  ms. 

As  a result,  there  will  be  many  clock  cycles  in  which  thero  will 
bo  no  action  on  the  part  of  the  switching  circuit  because  the 
error  between  the  command  and  input  is  in  the  dead  band.  Such 
cycles  will  be  followed  by  a single  clock  cycle  m which  a small 
correcting  step  is  made.  At  maximum  voltage,  these  corrections 
are  calculated  to  occur  at.  about  a 2-kllz  rate. 

2.3  DRIVER  LOGIC 


The  control  logic  consists  of  four  flip-flops,  a predictor 
circuit,  and  a stack  zero-current  sensor.  The  first  of  the  four 
flip-flops  is  the  rise  flip-flop.  Its  state  determines  whether 
the  next  clock  cycle  will  result  in  the  stack's  voltage  being 
increased  or  decreased.  The  second  flip-flop  directly  turns  on 
or  turns  off  the  driver  transistors.  The  third  flip-flop  provides 
the  commutating  signal  fui  the  driver  transistors.  The  fourth 
flip-flop  turns  on  or  off  the  high-voltage  transistors.  The  rise 
flip-flop  is  set  at  the  midpoint  of  each  clock  cycle  to  a state 
determined  by  the  polarity  of  the  error  signal. 


The  function  of  the  predictor  circuit  is  to  turn  off  the 
drive  flip-flop  plO(b)  (Figure  6)  once  it  has  been  turned  on.  It: 
is  turned  on  if,  at  the  beginning  of  the  clock  period,  a difference 
between  the  command  and  actual  stack  voltage  of  more  than  one-half 
percent  full-scale  exists.  The  predictor  circuit  calculates  the 
interval  during  which  this  flip-flop  must  be  on.  The  correct  time 
interval  for  any  given  initial  stack  voltage,  direction  of  change 
and  magnitude  of  change  is  shown  by  the  family  of  curves  in  Fig- 
ure 15,  Part  of  the  predictor  circuit  is  concerned  with  choosing 
the  correct  curve  from  the  family.  This  part  is  active  during  the 
latter  half  of  the  previous  clock  cycle.  The  stack  voltage  divided 
by  150  VS(;,  is  scaled  linearly  with  respect  to  the  state  of  the 

is  used  to  generate 


rise  flip-flop  iilu(a);  the  resulting  signal  V 
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PS 
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N * 1®»  * 112,5,  T - 160  paec,  VP0  i»  initial  stack  voltage 

referred  to  primary  * 

Figure  15,  Transistor  pulse  width  versus  required 
stack  voltage  change. 


a nonlinear  signal  VgN  by  comparing  it  to  the  common  ramp  V^, 
and  using  the  instant  of  comparison  to  sample  the  nonlinear  ramp 
Vxp  (Figure  16).  This  voltage  VSN  as  held  by  the  sample-and-hold 
amplifier  ;j5  is  delivered  ( ) to  the  integrator  circuit  (see 
Figure  16).  The  second  step  of  the  predictor  process  occurs  in 
real  time  and  is  the  result  of  the  continually  rising  ramp  VCR 
produced  by  the  integrator.  This  rising  ramp  occurs  in  response 
to  current  flowing  through  the  analog  switches  actuated  by  the  series 
of  common  logic  signals,  LRq , LR1,  Lr2 » LR2  and  LR^ . The  effect 
of  closing  these  switches,  first  one  at  a time  and  then  in 
groups,  provides  a rising  ramp  at  the  integrator  output  that 
begins  as  a very  gradual  voltage  slope  and  then  continues  to 
an  ever  steeper  slope  (see  Figure  17)  . This  ramp  is  now  compared 
to  a voltage,  based  on  the  difference  between  the  commanded 

and  actual  voltage  to  the  load,  and  when  the  ramp  exceeds  that 
voltage  a signal  develops  that  causes  the  drive  flip-flop  ylO 
to  be  reset. 

Whan  a falling  ramp  condition  exists  (i.e. , an  absolute 
voltage  of  more  than  300  volts  exists  on  the  stack,  and  the 
stack  is  being  discharged) , the  "D"  input  to  the  commutating 
flip-flop  yl3A  is  high.  It  is  set  by  the  action  of  the  clock 
pulse  Lcc  arriving  from  the  common  logic  at  a point  in  time 
safely  after  the  predictor  circuit  has  reset  the  drive  flip-flop. 

The  commutating  flip-flop  remains  set  until  the  high-voltage 
flip-flop  is  reset. 

The  stack  current  is  monitored  by  a current  transformer  T2, 
and  this  input  to  the  comparator  p4B  results  in  a rising  edge  or 
falling  edge  output  at  a point  just  before  the  stack  current  re- 
turns to  zero.  There  is  a bias  circuit  from  the  rise  flip-flop  that 
causes  this  crossover  point  to  be  slightly  above  zero  in  the  case 
of  a rising  ramp  and  slightly  below  zero  in  the  case  of  a falling 
ramp  (see  Figure  7).  This  signal  change  is  propagated  through 
the  action  of  appropriate  steering  logic,  again  from  the  rise 
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flip-flop,  to  turn  off  the  commutating  flip-flop  and  the  high- 
voltage  output  transistor  turn-on  flip-flop  (^13B) . Backup 
signals  from  the  common  logic  will  turn  off  the  three  flip-flops 
(the  drive,  the  commutate,  and  the  HVG ) at  L p time  if  for  any 
reason  the  normal  signals  should  fail  to  do  so.  POR  , containing 
negative  going  pulses  at  LD.>lp  time,  is  coupled  through  NAN:  /ullB 
to  CLR  of  fj.  10B  to  reset  the  TRNON  flip-flop,  and  L itself  is 
coupled  through  NOR  fxl 5B  to  reset  the  COMUTX  and  HV  flip-flops. 

By  this  means,  runaway  conditions  c - - ^ by  saturated  inductive 
components  are  prevented. 

2.4  FAULT  PROTECTION 

A major  concern  in  the  design  and  construction  of  a multi- 
channel system  is  the  propagation  of  failure  from  one  amplifier 
to  otners,  either  by  doptivi  .g  them  of  power  or  by  causing  com- 
ponent failure.  In  thxs  application,  it  is  very  desirable  for 
an  amplifier  failure  to  result  in  its  output  becoming  a short 
circuit.  Since  the  load  i ■ this  design  is  assumed  to  be  capaci- 
tive, and  only  a small  voltage  change  is  expected  to  result 
during  any  clock  cycle,  a change  of  zero  volts  as  a result  of 
the  action  of  the  circuit  will  not  disturb  or  defeat  the  proper 
operation  of  the  circuit.  Therefore,  the  system  is  inherently 
resistant  to  damage  by  short  circuits.  Various  types  of  short 
circuits  in  the  high-voltage  section  will  not  cause  a catastro- 
phic failure  of  the  multi-channel  amplifier  system.  The  worst 
that  could  happen  is  that  the  load  of  the  affected  channel  would 
be  discharged  to  zero  volts.  Failures  in  the  logic  or  the  base 
driver  circuits  for  the  driver  transistors  could  result  in  either 
no  drive  or  a continuous  drive  signal  to  one  or  both  drive 
transistors.  In  the  latter  case,  the  fuse  to  that  channel  would 
blow  to  allow  uhe  112-V  power  supply  to  remain  active  to  the 
other  channels.  A driver  transistor  that  shorts  collector-to-base 
will  try  to  pass  high  voltage  to  its  base  circuit?  this  condition 
will  cause  the  SCR  ( or  Q^)  to  turn  on'  shorting  the  base  to 
ground  and  so  the  112-V  supply  until  the  fuse  blows. 
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2 . 5 COMMON  LOGIC 


The  common  logic  is  designed  to  minimize  the  parts  count 
of  the  channel  amplifier  logic  by  providing  a series  of  digital 
and  analog  signals  to  the  channel  amplifiers  via  a bus  system. 

It  implements  all  functions  that  occur  uniformly  in  every  channel 
during  every  clock  cycle. 


In  Figure  16,  several  of  the  signals  from  the  common  logic 
are  shown  as  they  arrive  in  the  channel  logic  via  the  bus  lines. 
The  digital  signal  $1  causes  the  sampling  of  the  control-error 
signal  V for  the  cycle  about  to  begin.  <p 2 turns  on  the  PS  and 
HVG  transistors  through  their  control  flip-flops  if  an  error 


signal  exceeding  the  deadband  is  present.  Lr 


(Figures  16  and  17) 


dumps  the  predictor  ramp  integrator,  and  L„„,  L„.,  , L„„,  L„,  and 


DMP 

RO'  LR1'  ■‘"'R2 ' JJR3 
LR4 , (Figure  17)  acting  through  analog  switches,  generate  the 

predicting  ramp.  The  analog  signals  and  V^p  act  as  described 

above  in  selecting  the  correct  predicting  curve.  Not  shown  on 

Figure  16  are  digital  signals  GUARD  and  Lcc,  which  prevent  race 

conditions  and  turn  on  the  commutating  flip-flop  when  appropriate; 

in  addition,  Figure  16  does  not  illustrate  POR,  the  power-on-reset 

signal,  which  also  contains  a back-up  pulse  to  reset  the  flip-flops 

if  the  normal  signals  should  fail  to  do  so. 


In  the  common  logic  is  a 1 MHz  crystal  oscillator  that  drives 
a modular  40  counter  which  overflows  at  a 25  kHz  rate.  Various 
counts  of  the  counter  are  decoded  and  combined  in  groups  to  generate 
the  digital  signals  described  above.  An  integrator,  dumped  and 
gated  by  appropriately  decoded  digital  signals,  produces  V^.  A 
capacitor  is  charged  and  discharged  through  c resistor  by  appro- 
priately gated  signals  to  produce  V^p  through  an  analog  follower. 
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Power-on-reset  circuitry  is  provided  and  produces  POR.  The 
mod  40  counter  is  initialized  by  the  power-on  reset  circuitry 
at  time  (cycle  20).  The  digital  outputs  are  buffered  by 

bus  drivers  which  have  the  capability  of  fanning  out  to  61  loads. 

2.6  SIGNAL  INPUT 

The  input  impedance  is  100  k&  as  can  be  seen  in  Figure  5. 

Under  saturation  conditions  (up  to  ± 40  V on  input)  the  impedance 
drops  to  2 kfi.  The  input  capacitance  can  be  considered  to  be 
the  value  of  a maximum  of  three  feet  of  RG-174  shielded  cable, 
i.e.,  100  pf  or  less.  There  are  no  circuit  elements  introducing 
input  inductance,  and,  since  the  ground  return  of  the  shielded 
cable  is  connected  directly  to  the  circuit  trace  that  grounds 
the  load  resistor  input  or  amp,  that  inductance  should  be  only 
a few  nanohenries.  On  Figure  5 will  be  noted  two  back-to-back 
lN5535s  (zener  diodes) . These  have  a zener  voltage  of  15  V 
and,  downstream  from  the  2-kft  resistor,  serve  to  protect  the 
input  op  amp  against  any  high  voltages  that  may  enter  on  the 
input  lines. 

The  gain  adjustment  is  made  by  adjusting  the  trimpot  R5, 
loading  the  output  of  the  precision  rectifier,  and  referencing 
it  to  ground.  The  offset  adjustment  is  made  by  adjusting  the 
trimpot  connected  from  -15  V to  +15  V,  which  has  its  wiper  connected 
through  a resistor  to  the  summing  junction  (see  Appendix  G) . 


SECTION  3 


TESTING  AND  MODIFICATION 


This  section  presents  the  results  of:  (1)  component  tests 
in  a breadboard  simulating  worst-case  circuit  conditions;  and 
(2.)  debugging  of  the  prototype  2-channel  amplifier  circuit.  Each 
sot  of  tests  resulted  in  design  modifications.  The  principal 
modifications  were  made  as  a result  of  the  breadboard  testa. 

There  wore  many  changes  required  during  debugging,  but  all  were 
relative] y minor, 

3 , 1 BREADBOARD  TESTING 


In  the  initial  phase  of  the  program,  a breadboard  circuit 
was  fabricated  to  explore  certain  worst-case  conditions  arising 
from  the  juxtaposition  of  circuit  components.  This  work  resolved 
many  feasibility  questions  and  also  pointed  out  a number  of  de~ 
aigr.  and  construction  problems  that  were  initially  unsuspected, 
but  wore  subsequently  analyzed  and  solved.  A summary  of  this 
breadboard  effort  is  presented  below,  and  the  circuit  schematic 
is  shown  in  Figure  18. 

SCRs  were  originally  planned  for  the  high-voltage  switches, 
because  only  a pulse  of  gate  current  is  required  to  turn  on  an 
DCR,  and  they  can  be  easily  referred  to  a floating  reference  that 
can  float  to  high  voltage,  (up  to  2 kV  was  anticipated)  , But 
component  testing  was  required  to  ensure  feasibility  of  SCRs  in 
an  application  requiring  fast  commutation,  high  dv/dt  iites, 


high  initial  turn-on  rates  (high  dl/dt) , high  breakdown  voltage, 
low  leakage,  low  gate-trigger  current  requirements,  and  suitable 
package  size.  Testing  was  also  required  to  select  the  optimum 
SCR  among  several  candidates. 

Originally,  plans  had  been  made  to  perform  a series  of  tests 
on  certain  components,  in  particular  the  SCRs.  In  these  compon- 
ent tests,  each  electrical  characteristic  (viz.,  breakdown  voltage 
and  leakage,  commutation,  dV/dt,  dl/dt,  and  gate-trigger  current) 
was  measured  in  turn.  The  SCR  tests  yielded  confusing  results, 
for  an  SCR  acceptable  in  one  characteristic  was  generally  not  so 
acceptable  in  others.  Evidence  mounted  that  while  an  SCR  might 
attain  a certain  level  in  a given  characteristic  by  itself,  it 
might  not  do  well  when  the  characteristic  was  tested  in  combina- 
tion with  others. 

In  an  attempt  to  resolve  these  doubts,  the  components  evalua- 
tion task  was  expanded  to  include  a rough  breadboard  of  the  power- 
switching stage  of  one  actuator  channel,  a dummy  load,  and  enough 
logic  to  test  certain  worst-case  conditions.  At  this  time, 
results  obtained  from  the  computer  modeling  program,  when  applied 
to  the  data  obtained  from  the  separate  SCR  tests,  predicted  that 
SCRs  would  not  be  feasible  as  a high-voltage  switch.  Soon  after- 
wards, results  from  the  newly  constructed  breadboard  confirmed 
this  prediction. 

A design  modification  was  made  to  use  high-voltage  NPN  tran- 
sistors in  a full-wave  bridge  configuration  for  the  high-voltage 
switch.  The  computer  program  was  modified  accordingly,  and  indi- 
cations were  that  the  design  was  feasible,  but  high  transient 
voltages  (up  to  3.4  kV)  would  be  present  in  certain  conditions. 
Several  candidate  high-voltage  transistors  were  ordered  for  a 
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series  of  individual  characteristics  tests  (viz.,  high-voltage 
breakdown  and  leakage,  saturation  beta,  and  turn-off  time)  and 
for  test  evaluation  in  the  breadboard.  The  test  data  did  not 
highlight  an  obvious  choice;  there  were  several  trade-offs  to 
consider. 

Results  from  the  power  switching  (PS)  transistor  tests,  after 
initial  screening  for  candidates,  are  shown  in  Table  2,  These 
transistors  were  tested  for  feasibility  to  collect  data  on 
expected  circuit  power  losses  and  to  optimize  the  base  driver 
circuit.  Specifically  they  were  tested  for:  (1)  saturation  voltage 
(under  pulse  conditions)  with  15  A collector  current;  (2)  satura- 
tion beta  (namely  collector  current-base  current  to  hold  device  in 
saturation)  with  15  A collector  current;  and  (3)  turn-off  time  in 
a resistive  circuit  with  15  A current  before  turn-off  and  220  V 
after  turn-off.  High-temperature  (160°F)  and  low-temperature 
(-70°F)  tests  as  well  as  room-temperature  tests  were  made. 

Results  obtained  from  the  breadboard  were  at  variance  with 
those  obtained  from  the  computer  program  in  certain  respects. 

Large  amounts  of  voltage  and  current  ringing  were  found  to  be  due 
to  interwinding  capacitance  of  the  transformer  T^  (see  Figure  10). 
It  was  found  that  if  the  secondary  was  wound  on  a thrice-segmented 
bobbin  so  as  to  reduce  this  capacitance,  the  ringing  could  be 
minimized.  The  inductor  was  also  rewound  on  a thrice-segmented 
toroid;  this  helped  to  minimize  the  ringing.  High  common-mode 
voltages  appearing  in  all  high-voltage  components,  including  the 
transistors,  just  after  turn-off  were  found  to  be  due  to  primary- 
to-secondary  capacitance  in  the  transformer  (see  Figure  11) ; 
another  alternative  method  of  building  the  transformer  was  found 
to  reduce  the  amount  of  energy  lost  as  a result.  Subsequently, 
it  was  found  that  the  capacitance  of  the  transistors  themselves 
also  cause  this  effect;  it  is  controlled  by  a combination  of 
closely  controlling  the  transformer  magnetizing  inductance  and  a 
zener  diode  clipping  network  (see  Figure  12). 


TRANSISTOR  TESTS 


As  a result  of  the  breadboard  tests,  components  could  be 
selected  for  the  final  design  with  a much  greater  level  of 
confidence.  In  the  case  of  the  PS  transistors,  the  Solit-on  55407s 
seemed  initially  tc  be  the  obvious  choice.  They  were  very  fast, 
had  high  beta  even  at  maximum  current,  and  their  characteristics 
did  not  drastically  deteriorate  with  temperature.  However,  they 
were  extremely  sensitive  to  instantaneous  overvoltages.  Later 
in  the  program  it  also  became  evident  that  they  had  a low  tolerance 
to  reverse-bias  secondary  breakdown.  In  addition  they  were  quite 
expensive  and  difficult  to  obtain.  These  considerations  led  to 
a closer  look  at  the  Delco  DTS  4075;  it  was  found  that  with 
proper  component  values  for  the  base  drive  circuit  it  could  per- 
form with  less  turn-off  time  than  originally  found  in  testing; 
turn-off  times  of  0.6  ps  were  obtained  typically.  Subsequent 
to  the  use  of  the  Delco,  a fourth  candidate,  the  TRW  SVT6002,  was 
evaluated  and  found  to  be  similar  to  the  Delco,  but  with  somewhat 
improved  beta  and  high-temperature  characteristics . A decision 
was  made  to  select  the  TRW  transistor. 

In  the  case  of  the  HVG  transistors  the  initial  choice  was 
the  Motorola  BU108,  based  on  turn-off  time  and  resistance  to 
secondary  breakdown  in  the  application.  Subsequently,  the  BU208 
was  evaluated  and  was  found  to  be  similar  to  the  BU108,  but 
with  higher  beta.  The  higher  beta  characteristic  permitted 
the  base  drive  circuit  to  be  operated  at  lower  current  levels 
and,  therefore,  lower  dissipation. 
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3.2  FABRICATION  AND  DEVELOPMENT  TESTING 


After  completion  of  the  breadboard  testing  and  final  com- 
ponent selection,  the  two-channel  prototype  was  fabricated  and 
tested  to  determine  operating  characteristics.  As  in  any  proto- 
type construction,  some  redesign  was  found  necessary  during  the 
developmental  testing  phase.  To  minimize  the  total  effort  ex- 
pended in  this  task,  debugging  tests  were  conducted  first  on  a 
single  channel;  modifications  made  to  the  first  channel  were 
generally  incorporated  into  the  second  only  after  debugging  was 
complete  and  all  circuit  modifications  had  been  identified. 

Specific  problem  areas  encountered  during  this  test  program  are 
discussed  in  the  ensuing  sections, 

3.2.1  Channel  Step-Up  Transformer.  Particular  problems  were 
encountered  with  the  transformer  (T^)  design  during  circuit  de- 
bugging. The  transformer  (see  Figure  8)  was  modified  several 
times.  A larger  size  transformer  was  required  to  prevent  satura- 
tion with  a high-voltage  dc  or  when  responding  to  a step  of  nearly 
the  full  voltage  swing  (-1500  to  +1500  V) . For  the  size  selected, 
saturation  can  be  prevented  only  by  appropriately  reducing  and  con- 
trolling the  magnetizing  inductance  with  an  air  gap;  this  change 
causes  3ome  compromise  with  circulating  currents  and  leakage  induc- 
tance and  losses.  More  important,  the  losses  at  full  slew-rate 
amplitude  are  much  higher,  mostly  because  with  more  volume  of 
ferrite,  there  are  more  ferrite  or  "iron"  losses.  The  temperature 
rise  in  the  transfoa  .iter  would  surely  cause  failure  if  a 400  Hz,  full- 
amplitude  sine  wave  were  sustained  indefinitely.  However,  if  the 
transformer  is  properly  mounted  and  heat-greased  to  the  heat  sink 
with  water  flowing  through,  it  should  be  able  to  survive  the  one- 
minute-on,  one-minute-off  test  given  in  the  statement  of  work. 
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The  turns  ratio  was  a.lso  changed  because  the  effective  turns 
ratio  was  found  to  be  different  from  the  actual  due  to  coupling 
of  circulating  currents  from  ringing  and  internal  capacitances. 

The  actual  turns  ratio  is  19  to  1 to  achieve  a desired  effective 
turns  ratio  of  17  to  1.  It  is  suspected  that  to  some  extent  the 
effective  turns  ratio  also  changes  with  the  air  gap.  Some  optimi- 
zation work  involving  the  transformer  remains  to  be  done. 

3.2.2  Transistors.  Another  problem  area  discovered  during 
debugging  was  the  high-voltage  gate  (HVG!  transistors.  These 
have  an  internal  nonlinear  capacitance,  which  is  augmented  some- 
what by  the  base  coupling  transformer  T^ • This  transistor  forms 
a resonant  tank  circuit  with  the  T^  transformer  magnetizing  in- 
ductance, acting  through  the  diode  quad  (Figure  11) , and  is  ex- 
cited by  the  load  voltage  when  the  HVGs  turn  off.  Very  high  voltage 
would  ring  up  across  the  HVGs,  particularly  when  the  load  voltage 
was  high.  Although  T^  was  redesigned  to  reduce  its  contribution 
to  the  capacitance,  it  was  necessary  to  provide  a high-voltage  zener 
to  shunc  some  of  the  energy  of  the  tank  from  pure  voltage  across 
the  HVGs.  After  unsuccessful  experimentation  with  power  diodes 
acting  in  the  avalanche  mode,  a string  of  zeners  with  balancing 
resistors  was  added  to  each  HVG  transistor  (Figure  12) . Such 
strings  can  be  made  in  quantity  as  hybrid  modules,  as  is  done 
currently  with  high-voltage  diodes.  The  zeners  conduct  when  the 
voltage  across  each,  string  exceeds  1200  V. 

The  base  drive  circuit  for  the  HVG  was  also  modified  to  pro- 
vide more  even  distribution  of  base  current  to  the  two  devices 
and  to  effect  faster  turn-off  of  the  devices. 

The  power  switching  (PS)  transistors  were  changed  from  the 
Solitron  SDT  55407  to  the  TRW  SVT6002  type.  The  latter  were  con- 
sidered in  the  early  part  of  the  program  as  a second  choice  to  the 


Solitrons,  but  they  were  ultimately  selected  for  their  superior 
resistance  to  voltage  and  current  transients,  even  though  they 
dissipate  more  power.  They  are  also  more  inexpensive  and  readily 
available  than  the  Solitrons. 

Some  under-design  of  the  driver  circuit  of  the  PS  transistor 
was  found  and  corrected.  The  PNP  and  the  NPN  driver  were  made 
both  darlington.  It  was  also  discovered  that  the  TRW  transistor, 
as  well  as  the  second  source  choice,  the  Delco  DTS-4Q53,  can  burn 
out  to  a collector-to-base  short,  base-to-emitter  open  condition, 
resulting  in  high  voltage  on  the  base  and  on  the  two  darlington 
drivers.  The  PNP  driver  would  then  conduct  large  amounts  of 
current  into  the  -7  V supply,  saturating  it  and  reversing  the 
voltage  so  as  to  cause  a train  of  failures  in  PNP  drivers  of 
other  channels.  To  prevent  this,  an  SCR  was  added  to  the  base 
circuit  of  each  PS  transistor  (Figure  8) . This  SCR  turns  on  only 
in  a catastrophic  failure  mode  involving  excessive  positive  base 
voltage  to  shunt  current  to  ground  and  thus  not  involve  the  -7  V 
supply. 

3.2.3  Common  Logic.  There  were  a number  of  timing  changes 
made  to  the  common  logic.  The  correct  time  relationships  now 
existing  are  shown  in  Figures  16  and  17.  The  maj^r  reasons  for 
the  changes  were: 

1.  A new  signal  L was  created  to  turn  on  the  commu- 
tating (COMUTXjf lip-flop , so  that  the  appropriate 
PS  transistor,  always  opposite  the  one  providing 
the  drive,  would  turn  on  only  after  the  drive  tran- 
sistor was  safely  off; 

2.  A new  GUARD  signal  was  created  to  turn  on  the  TRNON 
and  HVG  flip-flops  without  race  conditions; 

3.  A pulse  was  added  to  the  POR  signal  to  "back  up" 
the  normal  signals  turning  off  the  TRNON,  COMUTX 
and  HVG  flip-flops  should  they  for  any  reason  fail; 

4.  Signals  to  the  analog  switches  were  arranged  to  be 
at  least  2 ys  wide,  to  lessen  the  system's  depend- 
ence on  the  variability  of  switching  time  of  these 
analog  switches; 
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5. 


The  d>l  and  $2  signals  were  separated  by  4 ps  to  allow 
p7 , providing  V^g,  m°re  time  to  capture  an  accurate 
signal. 

3.2.4  Current  Sensor.  The  design  of  the  current  sensor  was 
refined  with  appropriate  channel  logic  to  implement  its  signals. 

A bias  circuit  arrangement,  deriving  from  a signal  from  the  RISE 
flip-flop,  was  added  to  effect  the  current  turnover  point  at  near 
zero  amps,  but  away  from  zero  so  as  to  avoid  noise  amplification 
right  at  zero  amps,  and  offset  in  the  direction  that  current  is 
expected  to  flow.  The  ground  reference  point  for  the  stack 
current  loop  was  also  changed  to  prevent  charging  current  to  the 
HVG  capacitance  from  passing  through  the  current  sensor.  This 
change  resulted  in  the  current  transformer  T^  between  the  low 
side  of  the  load  and  ground;  however,  no  more  than  a volt  or  so 
would  ever  be  generated  across  it.  It  is  important,  however,  to 
avoid  external  grounds  on  the  low  side  of  the  load  that  would 
provide  a bypass  current  path. 

3.3  CONCLUSION 

During  the  course  of  the  debugging  tests,  some  fifty  modifi- 
cations were  made  to  the  design  of  the  actuator  amplifier  channels 
and  the  common  logic.  Most  of  the  changes  are  very  minor,  and 
some  of  them  cancelled  the  effect  of  earlier  changes.  As  in  any 
f irst-of -a-kind  engineering  effort  there  was  over-design  in  many 
areas,  but  this  project  has  such  severe  size,  weight,  and  power- 
loss  constraints  that  marginality  was  often  necessary,  and  a 
situation  of  both  over-design  in  some  areas  and  under-design  in 
others  resulted.  These  circumstances  complicated  the  debugging 
effort.  It  was  further  complicated  by  the  presence  of  three 
types  of  circuitry — digital,  analog,  and  high-voltage — each  with 
its  own  characteristic  problems  plus  those  arising  from  the 
interactions  of  the  circuit  types. 
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The  debugging  effort  was  also  complicated  by  dealing  with  a 
scale  prototype,  that  is,  one  physically  laid  out  as  if  it  were 
part  of  the  finished  61-channel  system  with  its  severe  size 
constraints;  thus  the  parts  were  compressed  to  an  unusual  degree. 
Nevertheless,  the  earlier  breadboard  effort  expedited  the  de- 
bugging effort,  by  identifying  and  solving  many  problems  before 
the  prototype  was  constructed. 


53/54 


SECTION 


PERFORMANCE 


4 . 1 INTRODUCTION 
• 

Following  completion  of  debugging  and  circuit  modification, 
performance  evaluation  tests  were  conducted  on  the  two-channel 
system.  The  objectives  of  these  tests  were  to  determine  the 
impulse-response  function  for  each  channel  separately  and  for 
the  two  together.  Power  consumption,  linearity,  slew  rate, 
gain,  and  cross-coupling,  were  measured  for  a range  of  input 
voltages,  waveforms,  and  frequencies.  Drift  was  measured  with 
a constant  input  of  6.5  V.  Specific  test  levels  are  listed 
in  Table  3 for  the  single  channel  performance  tests  and  in 
Table  4 for  the  dual  channel  tests. 

Sine  wave  tests,  at  5 percent  full  amplitude,  were  performed 
over  a range  of  frequencies  from  1 Hz  to  1 kHz;  a sufficient  number 
of  points  was  taken  to  permit  a Bode  plot  to  be  made.  Sine  wave 
tests  were  also  conducted  at  100  percent  amplitude  over  a range 
of  frequencies  from  1 Hz  to  1 kHz;  Bode  plots  were  also  made  of 
these . 

Square  wave  tests  were  conducted  at  400  Hz  with  5 percent, 

00  percent,  and  100  percent  full  amplitude.  These  showed  the 
slew  rate,  the  settling  time,  and  the  nature  of  the  switching 

no  i.  so . 


SINGLE  CHANNEL  PERFORMANCE  TESTS 


TABLE  4 

CHANNEL  PERFORMANCE  TESTS 
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Tria.nyle  wave  testa  were  performed  at  1 Hz,  100  Hz,  and 
625  Hz;  these  were  analyzed  to  determine  linearity.  The  dummy 
loads  provided  for  the  teats  were  capacitors,  each  having  a 
capacitance  of  approximately  0.05  >j£,  consisting  of  a combination 
of  mica  and  disk  ceramic  capacitors  such  that  the  D-E  curve 
closely  approximates  the  D-E  curve  of  PZT-8  stack  material. 

A function  generator  produced  dc  voltages  and  sine,  square, 
and  triangle  waves  of  various  frequencies.  The  function  generator 
output  and  the  amplifier  output  were  monitored  and  recorded  on 
tape  with  the  Norland  Model  NI2001A  programmable  calculating 
oscilloscope  (PCQ) . The  raw  data  tapes  generated  have  been 
provided  to  the  AFWb.  To  determine  power  losses,  ammeters  and 
voltmeters  were  provided  on  the  112  V,  + 7 V,  and  -7  V supplies. 
Nearly  all  the  power  dissipated  in  the  circuit  is  provided  by 
these  three  supplies;  the  others  provide  merely  a 3mall  amount 
of  logic  power. 

'Jhe  setup  of  the  tests  is  illustrated  in  Figure  4,  which 
chows  the  interconnection  of  the  PC  boards,  the  common  logic 
breadboard,  and  the  laboratory  bench  supplies.  The  Norland  Pco 
ia  connected  to  inputs  and  across  loads  as  appropriate.  A com- 
plete list  of  the  equipment  used  ir.  these  tests  is  given  in 
Appendix  J. 

During  the  test  program,  intermittent  problems  were  en- 
countered in  the  channel  4 input  or  the  Norland.  It  had  a 
variable  offset  that  drifted  erratically  with  time,  in  the 
manner  of  semiconductor  "pink  noise,"  with  the  greatest  amplitude 
in  the  range  of  0,1  Hz  to  5 Hz.  That  is,  if  the  input  coupling 
were  set  at  GND,  the  voltage  read  for  that  channel,  if  displayed 
on  the  screen,  would  vary  ±10  percent,  of  full  scale  in  a random 
pink  noise  manner.  If  a real  signal  were  input,  the  pink 
noise  would  be  present  on  top  of  this. 
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This  problem  arose  from  an  idiosyncrasy  of  the  Norland.  An 
offset  would  develop  in  all  the  elements  of  an  array  in  the  process 
of  stopping  the  moving  array  with  either  the  TRIGGERED  HOLD  or  the 
PERIODIC  HOLD  feature.  It  can  be  shown  that  when  the  instrument  is 
in  RELEASE,  the  correct  dc  voltage  will  be  displayed  on  the  screen 
(and  read  through  the  cursors)  "on  the  fly,"  but  the  reading  will 
change  by  some  offset  error  of  up  to  +10  percent  when  the  array 
is  stopped.  This  problem  has  occurred  intermittently  on  all  the 
Norland  inputs.  In  the  case  of  channel  4 (i.e.,  the  "B"  channel 
of  the  right-hand  plug-in) , this  problem  has  gradually  worsened 
until  it  has  become  as  described  above. 

During  performance  tests  there  v/ere  certain  component  failures. 
In  conducting  dc  tests  on  channel  8,  it  was  noted  that  at  a little 
above  1350  V,  a catastrophic  increase  in  current  of  the  112-V 
supply  set  in,  suggestive  of  some  mode  of  saturation.  This  was 
no_t  noted  on  channel  7. 

In  the  process  of  running  the  step  tests,  some  burnouts 
occurred  in  channel  8 . These  were  encountered  during  the  +10  V to 
-10  V (input  voltage)  steps.  In  each  case,  , its  associated 
SCR,  and  the  associated  PNP  darlington  driver  Q2  would  burn  out; 
these  components  were  replaced.  In  one  case  an  abnormally  slow- 
acting  was  encountered;  it  resulted  in  very  low  slew-rate 
response  for  steps  from  zero  to  maximum  negative.  In  another 
case  the  HVGs,  Qg  and  were  found  damaged  and  were  replaced. 

One  diode  in  the  diode  bridge,  D-^,  was  also  damaged;  all  the 
diodes  were  replaced.  It  was  found  necessary  to  restrict  the 
maximum  voltage  during  the  step  tests  to  1200  V to  prevent  further 
burnouts . 

Channel  7 also  experienced  a burnout  during  the  step  tests, 
involving  Qg  and  its  associated  SCR,  A diode  was  also  found 


bad,  and  it  was  replaced.  During  the  last  stages  of  the  cross- 
coupling tests,  the  wire  in  the  cabling,  carrying  the  voltage 
feedback  between  the  main  amplifier  board  and  the  logic  board, 
broke  and  caused  channel  7 to  fail.  By  the  time  the  cause  of 
failure  was  found  and  corrected,  Lg,  L^q,  and  the  four  bridge 
diodes  had  been  replaced  on  the  (incorrect)  assumption  that  they 
were  the  cause  of  the  problem.  These  failures  (with  the  ex- 
ception of  the  broken  wire)  are  believed  to  be  due  to  transformer 
saturation  that  is  still  occurring  under  the  same  conditions 
(maximum  voltage  dc  or  full-amplitude  slews) . 

Performance  characteristics  of  the  two-channel  prototype 
observed  during  this  test  program  are  described  in  the  following 
section . 

4.2  POWER  CONSUMPTION 

Power  consumption  was  one  of  the  objectives  of  the  dc  tests 
and  also  of  the  ac  sine  wave  tests.  Power  dissipation  is  de- 
termined by  measuring  the  voltage  and  current  output  by  the  three 
supplies  to  the  power  stage:  the  +112  V,  the  +7  V,  and  -7  V. 
Since  in  the  ^ests  these  voltages  are  provided  by  regulated 
supplies,  the  voltages  were  set  before  the  first  test  of  each 
day  and  occasionally  monitored  to  verify  that  the  supplies  were 
working  and  regulating.  The  currents  were  monitored  for  each 
test.  The  power  dissipated  is: 

(watts)  bb  bb  +7  +7  -7  -7 

where  the  subscripts  bb,  +7,  and  -7  refer  to  the  112  V,  +7  V 
and  -7  V supplies  respectively. 

For  the  sine  wave  tests,  input  voltage  is  taken  as  the  peak- 
to-zero  voltage,  and  output  is  taken  as  the  average  of  the 
(absolute)  peak  of  at  least  ten  negative  half  cycles  and  at  least 
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ten  positive  half  cycles.  Power  consumed  is  plotted  against  dc 
voltage  in  Figure  19a  and  against  frequency  for  the  ac  tests  in 
Figure  19b.  As  can  be  seen,  the  power  losses  increase  drastically 
as  the  maximum  slew-rate  condition  is  approached.  Most  of  the 
losses  occur  in  the  transformer  and  the  PS  transistors  and 
Qg,  with  some  losses  also  occurring  in  L^ , R.,,  and  the  zener 
strings . 

4.3  LINEARITY 

A program  was  prepared  for  the  Norland  PCO  to  reduce  the 
data  gathered  for  each  test  to  determine  the  slope,  standard 
voltage  deviation,  and  linearity  of  single-ramp  slopes.  The 
listing  for  this  program  appears  in  Appendix  I.  To  obtain 
these  values,  the  P cursor  is  positioned  at  a point  near  the 
beginning  of  a slope,  but  within  it,  and  the  Q cursor  is  po- 
sitioned near  the  end  of  the  slope,  but  within  it.  Voltage  and 
time  at  P,  and  Q-P  are  stored.  The  slope  m is 


The  standard  deviation  voltage  is  the  rms  of  the  voltage  devia- 
tion of  each  point  of  the  array  from  a straight  line  drawn  from 
the  stored  cursor  points,  e.g., 


ft  t 


where  N is  the  number  of  points  in  the  array  and 

t . - t 

V . ■ = V . - -i-r- — E-  AV  - V 

di  r At  p 
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Watts  Dissipation 


where  is  the  voltage  at  the  ith  point,  to  the  ith  time,  t and 

V the  stored  cursor  P time  and  voltage,  and  At  and  AV  the  stored 
P 

Q-P  values. 


The  linearity  a is 


where  AV  is  either  the  stored  cursor  or  full  scale,  as  noted. 

The  program  runs  properly,  but  is  time  consuming;  because 
of  time  limitations,  not  all  the  data  have  been  reduced.  From 
the  data  that  have  been  reduced,  linearity  is  plotted  against 
amplitude  (Figure  20).  The  data  so  far  reduced  indicate  that 
linearity  is  well  within  tne  1 percent  specification,  except  where 
the  output  signal  is  slew-rate  limited. 

A typical  output  waveform  is  shown  in  Figure  21.  This 
figure  shows  the  performance  of  the  amplifier  when  slew-rate 
limitations  do  not  take  place.  When  they  do,  the  linearity 
suffers,  as  the  slew  rate  is  typically  not  uniform. 

4.4  FREQUENCY  RESPONSE 

For  sine  wave  tests,  a program  in  the  Norland  reduces  the 
stored  data  and  calculates  gain.  The  112-V  current  is  measured 
on  a Simpson  meter.  The  +7  V and  -7  V current  is  monitored  by 
meters  on  power  supplies.  The  voltage  of  any  of  the  supplies 
can  be  monitored  by  a DVM. 

The  gain  G is 


G = 


pp-in 


where  Vav  , = Vav  . - Vav 

pp-out.  max-out  nun-out 
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Full-Scale  rms  Deviation 


Amplitude,  Peak  Input  Volts  (Triangle  Wave) 


Figure  20,  Linearity  versus  amplitude  (Channel  7,  triangle  waves) . 
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Output,  Volts  , Output,  Volts 


a.  100  Hz,  0 ; 5V  peak. 


b.  100  Hz,  5V  peak. 


Figure  21.  Typical  triangle  wave  response 


The  averages  for  the  maxima  and  minima  are  taken  over  ten  con- 
secutive cycles. 

Frequency  response  is  plotted  from  the  gain  calculated  from 
the  data  of  the  sine  wave  tests.  The  frequency  response  itself, 
for  large  and  small  signals,  is  shown  in  Figure  22. 

Small-signal  frequency  response  is  determined  from  a run 
of  5 percent  full  amplitude  sine  waves  (0.5-V  peak  in)  at  various 
frequencies  from  1 Hz  through  1 kHz.  The  small-signal  response 
has  been  observed  as  high  as  8 kHz,  even  though  the  test  plan 
calls  it  out  only  to  1 kHz.  There  is  evidence  that  the  3 db 
point  is  at  least  as  high  as  4 kHz,  though  the  switching  noise 
that  exists  at  these  frequencies  makes  measurement  difficult 
without  a special  reduction  program. 

Large-signal  frequency  response  is  determined  from  a run 
of  full  amplitude  sine  waves  (10-V  peak  in)  at  various  frequencies 
from  1 Hz  through  1 kHz.  The  large-signal  response  is  observed 
out  to  the  slew-rate  limitations  (i.e.,  400  Hz)  except  for  the 
particular  slew  rate  problems  detailed  below. 

4 . 5 SLEW  RATE 

The  square  wave  tests  show  the  slew  rate,  settling  time,  and 
overshoot,  if  any,  for  various  step  sizes.  Although  the  tests  were 
repeated  for  two  frequencies  (1  Hz  and  100  Hz) , the  results  are 
essentially  the  same  for  both.  For  each  test  run,  the  risetime 
(10  to  90  percent)  is  determined  with  the  automatic  facility  to 
so  do  on  the  Norland;  the  settling  time  is  then  determined  by 
observation.  The  overshoot,  if  any,  is  also  determined  by  obser- 
vation. Settling  time  and  overshoot  are  defined  in  Figure  23. 
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At  Settling  Time 


Figure  23,  Typical  response  to  step  function 
(square  wave)  input. 
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Figure  24  shows  typical  slew-rate  responses  to  a step 
input  (e.g.,  the  rising  edge  of  a square  wave).  The  figure  was 
made  by  a X-Y  recorder  plotting  from  tapes  and  is  scaled  so 
that  the  left  edge  is  coincident  with  the  rising  edge  of  the  in- 
put signal  producing  the  step. 

Overshoot  is  present  on  many  of  the  square-wave  responses. 

It  arises  due  to  deliberate  narrow  banding  in  the  design  of  the 
analog  op  amps,  to  reject  ringing  noise  pickup  in  the  analog 
logic  circuitry  and  to  avoid  parasitic  oscillations  in  this  cir- 
cuitry. As  can  be  seen  in  Figure  24,  overshoot  does  not  unduly 
extend  the  settling  time.  It  would  cause  a slight  increase  in 
switching  noise,  if  it  were  calculated  on  an  rms  basis  for  these 
signals. 

At  present  the  slew  rate  on  the  prototype  is  not  a full 
150  V/cycle.  Under  certain  conditions,  i.e.,  a decreasing  ramp 
with  high  voltage  on  the  load,  the  slew  rate  is  less  than  under 
other  conditions.  The  low  slew  rates  are  caused  primarily  by 
problems  in  the  predictor  system.  Some  optimization  work  needs  to 
be  done  on  the  predictor  circuitry  so  that  it  more  correctly  pre- 
dicts over  those  ranges  where  it  now  underpredicts,  and  the 
correct  gap  for  the  transformer  needs  to  be  determined  and 
incorporated  into  the  design. 

4.6  SWITCHING  NOISE 

Switching  noise  with  dc  inputs  is  due  to  a slow  decay  of 
output  voltage  through  sensing  resistors  and  through  the  dead 
band,  followed  by  an  active  drive  to  compensate.  The  amplitude 
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1~Hz,  1.5V  peak 


a. 


of  switching  noise  in  thus  expected  to  be  proportional  to  the  size 

of  the  dead  band,  ar.d  the  frequency  is  to  be  determined  by  ex- 

periment, although  the  frequency  is  not  in  general  expected  to  be 
sharply  defined.  The  waveform  is  experimentally  a sawtooth 
ripple.  The  rms  value  of  a sawtooth  wave  is  1/2/3  of  its  peak-to- 

peak  value  or  0.289.  The  noise  amplitude  is  expressed  in  db  down 

from  full  amplitude.  If  the  ripple  peak-to-peak  is  measured  in 
AV,  the  noise  amplitude  is 


20  log 


0.289  AV 
3,00  0 


Switching  noise  is  calculated  for  the  dc  tests  from  the  AV  and 
At  data  observed.  Noise  amplitude  and  frequency  are  plotted 
against  dc  voltage,  for  the  data  available,  in  Figures  25a  and 
2 3L«  These  plots  show  that  noise  amplitude  is  within  the  speci- 
fications listed  in  Table  1,  i.e.,  48  db  below  full  amplitude 
output  for  dc  signals. 


Switching  noise  for  two  cross-coupled  channels  commanded 
to  two  different  dc  voltages  is  calculated  in  a similar  manner. 

AV  was  typically  31  V peak-to-peak  in  these  tests;  this  value  cor- 
responds to  -50.6  db  below  full  output.  It  is  of  note  that  when 
cross-coupled  channels  are  commanded  to  dc  voltages  of  contrary 
sign,  the  correction  pulses  are  coincident,  but  not  of  higher 
amplitude.  When  the  voltages  are  of  the  same  sign,  the  correction 
pulses  are  not  coincident.  This  is  an  expected  condition,  for  with 
voltages  of  contrary  sign  the  effect  of  the  cross-coupling  is  to 
cause  the  correction  pulse  of  any  one  channel  to  cross-couple  the 
other  to  a voltage  closer  to  that  for  which  a correction  pulse  is 
required.  Since  the  time  constant  of  the  two  channels  is  similar, 
any  condition  in  which  two  independent  correction  pulses  are 
nearly  coincident  will  tend  to  lead  to  a condition  in  which  the 
next  correction  pulse  on  one  channel  will  be  just  enough  to  cross- 
couple the  other  out  of  its  dead  band  to  cause  a pulse  on  it. 
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Switching  Noise  Aaplitude 
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4.7  DUAL  CHANNEL  INTERACTION 


Interaction  tests,  with  a O.Oi  pf  capacitor  connected  between 
the  high  side  of  the  two  loads,  were  performed  as  listed  in 
Table  4.  The  dc-dc  tests  were  performed  to  explore  possible 
switching  noise  problems.  None  were  seen,  as  noted  above.  The 
dc-sine  wave  test  was  performed  to  study  the  ability  of  an  amplifier 
channel  to  source  and  sink  current  from  and  to  an  external  source. 

It  did  so  without  excessive  noise  introduced,  as  is  shown  in 
Figure  26.  The  sine- triangle  wave  test  was  performed  to  search 
for  possible  instabilities  induced  by  external  sources  or  sinks. 

None  were  observed;  Figure  27  is  a typical  output  result. 

4.8  DRIFT 

A drift  test  was  performed  on  the  two  channels  using  a 
constant  input  of  6.5  V.  In  one  hour,  drift  observed  was  less 
than  one-half  percent  full  scale  and  may  have  been  as  much  due 
to  the  test  instruments  as  to  the  actuator  amplifiers. 

A second  drift  test,  in  which  measurements  were  made  every 
five  minutes,  was  terminated  just  before  one  hour  as  a result  of 
the  failure  of  Qj  in  channel  7.  Time  did  not  permit  the  test 
to  be  repeated.  Until  the  failure,  no  significant  drift  was 
observed . 

4.9  COMPARISON  WITH  COMPUTER  PREDICTION 


It  is  interesting  to  compare  the  output  results  on  a cycle- 
by-cycle  basis  to  those  predicted  by  the  computer  program.  In 
Figures  28  and  29  are  attempts  to  do  this.  Figure  28a  is  the 
output  of  a positive  step  from  -750  V to  +750  V — actual  data 
stored  on  tape  and  plotted  on  the  X-Y  recorder.  Figure  28b 
is  the  computer  program  output  prediction  for  a step  command 
from  0 V to  750  V.  Figure  29a  is  actual  output  for  a 1-kHz 
sine  wave  signal.  Figure  29b  represents  predicted  output  for 
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Figure  27.  Square  wave  vs  triangular  wave. 
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predicted  output  and  referenced  input 
, l kH) . (Compare  with  Figure  29a.) 


a 2-kHz  sine  wave  signal.  These  comparisons  show  that  the 
program  did  produce  essentially  correct  predictions  of  the 
amplifier  output.  (For  additional  details,  see  Appendix  A.) 

Certain  features,  such  as  the  output  setback  effect  at  high 
voltages  seen  in  Figure  28a,  were  not  predicted  by  the  program 
because  they  are  caused  by  effects  that  the  program  did  not  take 
into  account.  The  setback  effect  occurs  because  energy  rings 
through  T^  into  the  capacitance  of  the  HVG  devices  themselves 
when  the  HVG  transistors  turn  off;  this  energy,  stolen  from  the 
load,  lowers  the  voltage  on  it  slightly.  The  effect  is  con- 
siderably greater  than  first  considered  during  system  design, 
and  is  presently  not  compensated  by  the  design  of  the  predictor 
system.  An  expanded  program  such  as  one  based  on  the  alternative 
state  equations  in  Appendix  1,  should  predict  this  effect. 


SECTION  5 

CONCLUSIONS  AND  RECOMMENDATIONS 

The  program  objective  was  to  develop  a design  feasible  for 
a 61-channel  actuator  amplifier  system,  to  build  a breadboard  to 
resolve  design  problems,  to  perfect  the  design,  and  finally  to 
perform  specified  tests  on  the  breadboard  to  determine  compliance 
with  specifications.  The  breadboard  was  in  fact  a two-channel 
prototype  built  to  the  packaging  size  constraints  that  two 
channels  would  have  in  the  full  system.  The  two  channels  were 
chosen  so  as  to  represent  a worst  case  for  cross-talk  between 
channels . 

In  the  interest  of  following  a more  traditional  engineering 
design  approach  and  to  resolve  as  many  questions  as  possible 
before  constructing  a scale  prototype,  a one-channel  breadboard 
of  the  power  stage  was  also  constructed  and  used  to  test  components 
in  simulated  worst-case  circuit  conditions.  This  approach  per- 
mitted the  resolution  of  basic  questions  before  problems  of  detail 
were  encountered  with  the  prototype. 

These  detail  problems  were  resolved,  with  a few  exceptions. 

The  essential  design  approach  has  been  breadboarded  and  tested, 
and  shown  to  meet  essential  performance  specifications.  Perfor- 
mance versus  design  goals  is  shown  in  Table  5. 
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TABLE  5 


PERFORMANCE  VERSUS  DESIGN  GOALS 

Design 


Design 

Goals 

Achievements 

As  Tested 

Environment 

Altitude 

0-40,000  feet 

Not  tested 

Temperature 

-65°F  - +130°p 

Active  cooling 
provided 

Size  and  Weight 

Volume 

2 cubic  feet 

3 cubic  feet 

Weight 

100  lbs.  without  coolant 

190  lbs. 

200  lbs.  with  coolant 

<200  lbs. 

Power  Consumption 

10  kw  max. 

7.3  kw  max 

Linearity 

±1% 

±<1%  except  where 
output  signal  is 
slew-rate  limited 

output  Range 

-1S00  to  +1500  V 

-1500  to  +1500  V on 
one  channel;  -1350 
to  +1350  V on  other 
channel 

Full  output  Swing 

Frequency  Response 

dc  through  400  Hz 

dc  through  400  Hz 

Small  Output  Swing 

Frequency  Response 

dc  through  4 kHz 

dc  through  4 kHz 

Continuous  Adjustment 

Gain 

150  ± 30 

150  + 30 

Input  Offset  Constant 

±4  V 

+4  V 

Fault  Protection 

Channel- to-Channel 
Propagation 

Meets  requirements 

Output  Short  Circuit 

Meets  requirements 

Input  Resistance 

2 kft  min 

100  kfi  nominal; 

2 kQ  for  input  V 
>+10  V and  <-10  V 

Input  Capacitance 

<0.005  pf 

<100  pf 

Input  Inductance 

<lpH 

Wi thin  specifications 
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The  problems  of  packaging  to  the  given  specification  have 
proven  considerably  more  difficult  than  first  anticipated,  and 
some  compromise  on  the  size  and  weight  speci f ications  has  been 
necessary.  The  control  approach  of  predictively  solving  non- 
lir.early  for  required  time  intervals  has  proven  to  be  a difficult 
task,  not  in  terms  of  components  or  critical  tuning,  but  in  terms 
of  comprehensive  in  -facing  and  trimming  to  cover  all  operating 
conditions . 

At  the  present  time,  the  ultimate  configuration  of  the  mirror 
actuator  system  that  will  use  the  multi-channel  amplifier  is  not 
firm.  To  some  extent,  the  effort  remaining  to  develop  a full- 
scale  actuator  amplifier  depends  upon  better  identification  of 
the  application,  i.e.,  number  of  channels,  characteristics  of 
load,  etc.  Some  tasks,  however,  are  common  to  any  configuration 
and  can  be  pursued  in  parallel  with  other  system  development. 
Principal  efforts  of  this  type  are  described  below. 

The  efforts  fall  into  three  categories:  il)  correcting  those 
deficiencies  of  design  or  implementation  necessary  to  achieve  de- 
sign goals  for  voltage  and  slew  rate;  (2)  improving  the  design  for 
greater  reliability,  lower  unit  cost  of  channel  amplifiers  in  a 
full  system,  and  improved  performance  in  areas  such  as  power  dis- 
sipation and  switching  noise;  and  (3)  accomplishing  those  items 
of  an  integrative  or  system  nature  that  must  be  completed  prior  to 
construction  of  a full  system.  The  efforts  are  summarized  in  out- 
line form  in  Table  6. 

The  first  category  is  comprised  of  efforts  to  optimize  the 
design  of  the  channel  step-up  transformer.  A trade-off  must  be 
made  in  the  value  of  magnetizing  inductance  required  to  avoid  satur 
tion  at  maximum  dc  voltage  and  when  doing  large  steps,  while  still 
holding  circulating  currents,  leakage  inductance,  and  losses  to  a 
minimum.  Further  study  must  be  conducted  on  the  necessity  of  trade 
offs  in  transformer  si^e.  Optimization  work  is  also  needed  in 
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TABLE  6 

RECOMMENDED  FURTHER  WORK 

X.  To  Achieve  Design  Goals 

• Transformer  (saturation  problems  above  ±1100  max  steps) 

• Power  transistor  switching  time  (.>  1100  volts  & max  slew  rate) 

• HVG-Voltage  setback  (,>  1200  volts  1 

II.  To  Improve  Design 

• Predictor  circuit  (improve  curve  fit) 

• Replacing  flip-flops  with  gates/memory  elements 

(improve  noise  tolerance) 

III.  Prior  to  Design  Release 

• Full  brass  board  circuit  including  power  supplies 

• Environmental/durability  tests 

• Cost-weight  trade  study 
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the  PS  transistor  driver  circuits  to  balance  the  turn-on  and  turn- 
off time,  consistent  with  secondary  breakdown  considerations,  for 
proper  interfacing  with  the  predictor  circuit  functions.  The 
high-voltage  setback  effect  needs  to  be  further  studied  and  proper- 
ly compensated,  at  least  as  far  as  possible  with  the  present  pre- 
dictor circuit. 

The  second  category  involves  the  study  of  a design  for  a 
modified  predictor  circuit  involving  a double  integrator  producing 
parabola-type  curves.  This  circuit  would  have  fewer  parts  and 
be  more  reliable  than  the  present  system.  Use  of  this  circuit 
would  also  reduce  the  number  of  bus  lines  required  from  the  common 
logic  to  each  channel.  It  is  believed  that  such  an  approach  would 
be  easier  to  interface  to  the  rest  of  the  circuit  under  all  com- 
binations of  conditions,  and  specifically  would  be  easier  to  com- 
pensate for  the  voltage  setback  effect.  Also  in  this  category  is 
the  study  of  an  alternative  logic  design  containing  only  gates,  and 
no  flip-flops  in  the  channel  logic.  This  design  would  be  in- 
herently immune  to  potential  destructive  conditions  arising  from 
noise  glitches. 

The  third  category  is  comprised  of  such  items  as:  (1)  artwork 
modifications  to  incorporate  all  the  changes  already  made  plus 
those  dictated  by  the  above  work;  (2)  detail  design  and  breadboardinq 
of  the  common  dc  power  supply  of  the  system  converting  400  Hz 
aircraft  ac  into  the  various  dc  voltages  required;  and  (3)  cost- 
weight  trade  studies  as  may  be  needed. 

If  size  and  weight  limitations  prove  critical  to  the  overall 
system,  some  consideration  should  be  given  to  hybridization. 

However,  since  the  true  system  requirements  are  at  present  unknown, 
no  “i't'ort  has  been  made  to  estimate  the  volume  or  weight  reduction 

possible. 


Before  proceeding  with  a full-scale  multi-channel  system,  a 
common  power  supply  should  be  designed,  built,  and  tested.  This 
element  was  not  required  for  laboratory  testing  of  a two-channel 
prototype. 

The  design  fabricated  and  tested  under  this  contract  is  a 
feasible  approach  to  the  development  of  a compact,  lightweight, 
and  efficient  linear  amplifier  for  piezoelectric  transducers - 
The  principal  problems  of  such  a circuit  have  been  encountered 
and  solved;  the  remaining  effort  required  consists  of  improving 
reliability  and  correcting  minor  design  deficiencies. 


uo 


The  theoretical  performance  of  the  61-channel  amplifier 
has  been  analyzed  by  means  of  a computer  program  (AFASEC)  con- 
taining: (1)  a set  of  coupled  differential  equations  representing 
the  power  switching  stage;  (2)  a representation  of  the  load; 

(3)  algebraic  and  differential  equations  representing  the  channel 
and  control  logic;  and  (4)  programming  effecting  the  time-domain 
solution  of  these  equations. 

AFASEC  also  contains  features  necessary  to  make  it  capa- 
ble of  studying  the  interrelationships  of  the  parameters  that 
might  be  varied  in  design  analysis,  such  as  passive  component 
values,  turn  ratios,  clock  rates,  and  load  capacitances.  There 
are  features  for  retaining,  displaying,  and  changing  these  param- 
eters, and  for  storing  them  along  with  single-value  output  recults 
in  a parameter  pool  on  a floppy  disk.  For  each  run  with  given 
parameters  over  a given  interval  of  time,  the  time-domain  solutions 
themselves  can  be  stored  on  the  floppy  disk  and  identified  via  a 
directory.  They  can  be  tabulated  and  plotted  either  on  a 
Tektronix  4010  graphics  terminal  or  on  an  incremental  plotter. 
Tabulations  can  also  be  made  of  the  parameter  pool,  which  is 
built  up  from  successive  runs.  Finally,  selected  parameters  of 
the  pool  can  be  plotted  against  one  another. 

A listing  of  the  complete  program,  written  in  Fortran  for 
the  Modcomp  III  computer  with  appropriate  peripherals,  appears 
in  ANNEX  I of  this  Appendix. 

The  program  is  best  understood  by  noting  that  the  differ- 
ential equations  (lines  348  to  353)  and  the  logic  equations 
(lines  295  to  330)  are  the  "heart"  of  the  program.  Surrounding 
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tnia  heart  is  a level  of  programming  effecting  and  managing  the 
time-domain  solution  of  these  equations  and  the  compiling  of 
salient  parameters  (lines  256  through  420).  Surrounding  this, 
in  turn,  is  a level  of  programming  providing  the  working  and 
managing  features  described  above.  Statements  790  to  the  end 
of  the  program  are  specifically  dedicated  to  the  graphics  fa- 
cilities required  of  the  Tektronix  terminal  and  the  incremental 
plotter . 

To  generate  the  set  of  coupled  differential  equations  repre- 
senting the  power  switching  stage,  the  significant  elements  of 
the  power  circuit  are  first  transformed  into  an  analyzable 
equivalent  circuit,  from  which  loop  current,  equations  can  be 
written  (Figure  A-l). 

Central  to  these  transformations  is  the  conversion  of  the 

transformer  to  its  T-model  equivalent  (Figure  A-2) . A tapped 

primary  can  be  treated  by  considering  the  tap  as  the  bottom  end 

of  one  winding  and  the  top  end  of  another,  and  considering  one  of 

the  windings  a secondary.  Then  two  circuits  are  considered,  one 

for  each  "secondary"  with  the  other  ignored.  Finally,  the  two 

converted  circuits  are  combined,  as  shown.  In  each  case  it  is 

necessary  to  common  the  low  end  of  primary  and  "secondary"  and 

to  perform  whatever  interchanges  in  the  series  layout  of  elements 

in  the  loops  (reversal  of  polarities,  etc.)  as  may  be  necessary. 

Where  a turns  ratio  N exists  between  primary  and  secondary, 

voltages,  currents,  resistances,  inductances,  and  capacitances 

in  the  secondary  loop  must  be  "referred  to  the  primary,"  i.e., 

2 

multiplied  or  divided  by  N or  N as  appropriate. 

In  the  simplified  equivalent  circuit  derived  in  Figure  A~l, 
the  tapped  primary  is  considered  equivalent  to  a single  primary 
with  a reversible  source;  that  is,  the  free-wheeling  process 
involving  the  diode  opposite  the  power  transistor  is  considered 

»9 
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to  be  the  equivalent  of  a reversal  of  power  source  polarity. 

This  approximation  ignores  the  capacitance  inherent  in  the 
transistors,  diodes,  and  transformer  winding.  Likewise,  in 
this  transformation,  the  diode  quad  and  HVG  is  considered  a 
simple  switch,  and  the  capacitance  of  the  HVG  transistors  is 
ignored. 

It  is  necessary  to  include  a "diode"  in  the  primary  current 
loop  of  the  equivalent  circuit  to  represent  the  actions  of  the 
real  diodes  of  the  circuit.  This  diode  is  effectively  a switch 
that  opens  whenever  current  contrary  to  the  intended  direction 
in  any  given  clock  cycle  tries  to  flow.  Thus,  if  at  the  beginning 
of  a clock  period,  (Figure  A-l)  were  to  turn  on,  positive  I. 
and  positive  VDR  would  prevail.  The  action  of  Q turning  off, 
causing  current  to  free-wheel  through  D 2,  would  be  the  equivalent 
of  VDR  reversing  polarity;  however,  positive  1^  would  continue, 
although  decreasing  in  magnitude.  At  the  instant  that  the 
current  crosses  zero  and  tries  to  flow  negative,  the  switch 
will  open  to  prevent  negative  current;  thus  it  acts  as  a "diode." 
If,  on  the  other  hand,  Q-,  were  to  turn  on,  negative  1^  would 
flow  at  the  outset,  and  the  function  of  the  "diode"  would  be  to 
prevent  positive  current  from  flowing  at  the  end  of  the  free- 
wheeling process.  The  voltage  drop  across  the  real  diodes  in 
the  circuit,  or  switching  transistors  when  on,  is  modeled  by 
a second  voltage  "source"  VRD  of  a polarity  opposite  the  first 
source,  so  it  is  always  dissipating  power  when  current  is  flow- 
ing through  it. 

In  a similar  manner  a switch  is  included  in  the  secondary 
current  loop  that  represents  the  diode  quad  and  HVG  transistors. 
This  switch  closes  at  the  outset  of  any  clock  cycle  in  which 
or  Q-,  turns  on.  The  switch  opens  when  the  secondary  current  I^, 
having  increased  to  a maximum  and  decreased  in  a given  polarity, 
tries  to  reverse  polarity. 


These  switches  are  represented  in  the  equations  a a switch 
functions  6 and  o,  equal  either  to  unity  or  to  zero  depending  on 
the  state  of  the  switch. 

The  loop  equations  for  the  equivalent  circuit  of  Figure  A-l 

are : 


(Rp  T sLTL  + SLTH)  'SI1  " SLTMX2  " VDR  “ VDD 


*ll  + SX,TM 


+ * RSt*  * iC^)  h * (l^  * Rl) 


0t2-sLTM51l"°  (2: 


where  s is  the  complex  frequency  variable,  6 is  the  "diode"  switch 
function,  and  a is  the  HVG  switch  function. 


To  effect  the  Euler's  method  of  solution  as  used  in  the 
program,  the  equations  must  be  solved  for  sl^  and  sl2,  e*9*»  the 
highest  derivative  of  the  variables.  Doing  so  yields 

/ Ils\  ^2  ^'1+^JTM 

- (RS+RStk^  J'2“0  (RlI2+_67’)  " C^7  - -TZT^  {RpIrVDR+VDD> 


si,  = 


sl„  » 


'stk  TM 


ltm+ltl 

ltw 


a 


(Rs+Rstk) I2+  C 


stk 


(v/sf 


a 


(3) 


(4) 


vhere 


^ltm  + ltl5  (ltm  + li5 
° ■ ltm 


and  I2  and  I2s  represent  the  integrated  I2,  causing  voltage  to 
accumulate  across  the  capacitors  and  respectively.  As 
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such,  they  can  be  considered  independent  variables,  related  by 
the  definition  of  capacitance 


(5) 


for  Cstk,  and 


I 


2 


C,  si. 

1 2s 


(6) 


for  C^,  since  is  passing  through  only  when  the  switch  is 
open.  When  the  switch  is  closed,  the  voltage  on  decays 
through  R^,  so  that  when  a is  zero  we  have: 


C, csl. 

1 2s 


(7) 


This  equation  has  an  independent  time-domain  solution. 


Equations  (3)  through  (7)  can  thus  be  considered  the  (first- 
order)  state  differential  equations  of  the  power  switching  stage. 

Equations  (3)  and  (4)  are  translated  to  Fortran  and  appear 
in  the  program  (lines  348  to  353).  The  switch  functions,  c and 

6,  appear  as  subroutines,  Q3  and  DIOD.  These  subroutines  when 

executed  return  either  the  value  of  their  first  argument  or  zero, 
depending  on  the  state  of  their  other  arguments,  which  in  turn 
determine  the  state  of  the  switch.  Also,  the  values  of  components 
in  the  program  are  carried  at  their  actual  value  rather  than 
at  their  referred-to-primary  value,  so  it  is  necessary  to  multiply 
or  divide  them  by  , the  square  of  the  turns  ratio  (ANTR2  in 
Fortran).  Equations  (5)  and  (6)  do  not  appear  directly,  but 

the  Is  are  obtained  from  the  sis  by  the  Euler  integration  process 

(lines  342  through  345  and  355  through  359);  likewise,  the  Is  are 
obtained  from  the  Is.  In  this  process,  Equation  (7)  is  also 
implemented  (lines  346  and  360). 
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Experience  gained  with  the  breadboard  and  the  prototype  has 
suggested  that  certain  assumptions  made  to  simplify  the  equivalent 
circuit  and  the  differential  equations  used  to  model  it  should  not 
have  been  made.  Figure  A-3  illustrates  a more  comprehensive 
equivalent  circuit.  The  transformer  is  modeled  by  taking  its 
tapped  primary  as  equivalent  to  a primary  and  "secondary"  (Fig- 
ure A-2)  . and  ltL2  are  e<3ua^  ^ut  separate  leakage  inductances 

Likewise  Rp^  and  Rp?  are  equal  but  separate.  The  capacitances  of 
the  PS  transistors  and  varistors,  and  primary  end-to-end  capacitate 
are  included  as  two  lumped  components  Cqp  and  C^;  these  may  be 
specified  nonlinearly  if  desired.  The  capacitance  of  the  HVG 
transistors  and  the  T^  primary-to-secondary  capacitance  (see 
Figure  8)  are  lumped  into  a new  component  C^,  There  is 
another  "diode"  representing  the  actions  or  the  diode  quad  when 
the  transistors  are  off.  The  loop  current  equations  are: 


•^Pl^TLl^TM'  volilTi3;  T ^TM  ^2*2  " U x5 ' = VBB  “ VDD 

lRP2  + SLTL2+sLTM)  (62I2  + I4)  + sLTM  (61T1  + *3  ~ I5)  = VDD  “ VBB  (9) 

5T7+  (RPl+SLTLrSLTMll5lIl+IJ>  + SIlTM  (i2I2  + h ' I5>  = 0 <10> 

sl 


sc  - + (RP2  + sLTL2+sLTM'  (i2I2  + I4)  + Sl,TM  ^1*1  + 13  I5i  0 (11) 
S 2 


!rs  + v.K  + ic^r + sLi sL™)  h * (I5  - v 

\ Stk  / HVG 


+ sLXM  ( 5 l I x + 62I2  + 13  + I4)  o 


i-  .1  \ . 

|Ki  + sc1  j xe 


to. 


where : 


<5^  is  the  diode-switching  action  of  and  , 

6^  is  the  diode-switching  action  of  Q 2 anc*  D2' 

<5,  is  the  diode-switching  action  of  the  diode  quad  when  the 
HVG  is  open,  and 

0 is  the  switching  action  of  the  HVG,  all  of  these  factor's 
equal  to  unity  or  zero  as  appropriate. 


When  the  HVG  is  closed,  Ig  is  governed  by  the  independent 
action  of  and  C^, 


C, 

1 


SI6 


(14) 


as  in  the  above  set. 
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B-l  COOLING  AND  HEAT  TRANSFER 

The  power  components  in  the  system  are  mounted  upon  an 
aluminum  channel  that  is  cooled  by  a water  line.  The  major 
power  components  include  switching  transistors,  transformers, 
and  resistors.  The  cooling  system  is  designed  to  carry  away  a 
total  of  8 kW  of  power  with  a maximum  temperature  rise  of  3QJF 
and  a maximum  pressure  drop  of  25  psi.  The  heat  transfer  from 
the  inductor  ana  the  driver  transistors  is  taken  as  repre- 
sentative of  the  worst  case  for  heat-transfer  efficiency. 

The  cooling  system  consists  of  eight  5-foot  lengths  of 
1/3-inch  i.d.  copper  tubing  paralleled  between  two  1/4-inch 
i.d.  manifolds.  Each  small  copper  tube  cools  one  Pwb  board 
which  dissipates  a worst-case  power  of  1000  watts. 

The  inductor  is  mounted  directly  above  the  cooling  tube. 
This  inductor  is  approximately  1.5  inches  in  diameter,  and 
approximately  0,04  inch  of  aluminum  separates  it  from  the 
nearest  portion  of  the  cooling  tube.  Because  the  tube  is 
buried  less  than  halfway  into  the  aluminum,  the  effective 
width  of  the  tube  is  only  0.1  inch  as  far  as  heat  transfer  is 
concerned.  The  effective  heat- transfer  area  for  this  case  is 
then  2.0  inches  x 0,1  inch  or  0.2  square  inch. 

Since  approximately  0.4  inch  of  aluminum  separates  the 
nearest  part  of  the  tube  from  the  inductor,  and  since  the 
aluminum  is  0,093  inch  thick,  an  average  heat-transfer  length 
of  0.06  inch  is  not  unreasonable. 
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The  coefficient  of  conductivity  for  aluminum  is  2.32  watt/ 
inch-°F,  If  we  assume  a joint  coupling  efficiency  of  0.80,  then 
the  heat-transfer  rate  is  6.19  watt/°F,  far  more  than  adequate. 

Likewise,  the  transformer  is  mounted  directly  above  a 
cooling  tube.  The  transformer  dissipates  about  double  the 
heat  of  the  inductor. 

The  driver  transistors  are  mounted  so  that  their  centers 
are  0.5  inch  away  from  the  center  of  the  water  line.  Both 
transistors  together  make  a heat  source  approximately  2 inches 
long.  This  heat  must  be  carried  to  the  water  line  by  the  aluminum 
channel  that  is  0.093  inch  thick.  Hence  the  effective  heat- 
transfer  area  is  0.186  square  inch  and  the  effective  length  is 
0.5  inch.  This  gives  a total  heat-transfer  rate  for  both  tran- 
sistors of  0.69  watt/°F.  This  rate  is  an  order  of  magnitude  down 
from  the  previous  case,  but  still  adequate. 

Consider  a single  1/8-inch  i.d.  tube;  it  has  an  interval 

-5  2 

cross-sectional  area  of  8.522  x 10  ft  , and  it  must  transfer 

1000  watts  of  heat  for  a length  of  5 feet,  raising  the  incernai 

water  temperature  no  more  than  30°F.  The  required  flow  rate  to 

-4  3 

remove  this  heat  is  5.08  x 10  ft  /sec,  or  0.227  gal/min.  Since 
we  have  eight  tubes  in  parallel,  each  with  a maximum  flow  rate  of 
0.227  gal/min,  the  flow  rate  for  the  whole  system  is  eight  times 
that,  or  1.82  gal/min.  To  get  0.227  gal/min  through  a 1/8-inch 
tube,  the  water  must  go  through  the  tube  at  5.94  ft/sec. 

We  can  see  that  the  rate  of  pressure  drop  across  a single 
1/8-inch  i.d.  tube  with  an  interval  flow  of  0.227  gal/min  is 
200  feet  of  water  per  hundred  feet  of  tube.  For  5 feet  of  tube, 
this  amounts  to  4.33  psi.  Since  the  tubes  are  in  parallel, 
the  pressure  drop  across  all  of  them  is  the  same  as  that  across 
a single  tube — 4.33  psi. 
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Those  tubes  are  attached  to  two  H-ir.ch  i.d.  manifolds  14  inches 


long.  These  manifolds  are  in  series  with  each  other  and  the  whole 
system,  so  each  one  must  carry  the  whole  flow  of  1.82  gal/min. 

The  rate  of  head  loss  for  such  a tube  and  such  a flow  rate  is 
about  250  feet  of  water  per  100  feet  of  tube.  For  a total  of 
28  inches  of  tube,  we  get  a pressure  drop  of  2.53  psi.  When  this 
figure  is  added  to  the  pressure  drop  across  the  1/8-inch  tubes, 
we  get  a pressure  drop  across  the  whole  system  of  o.8_>  psi,  well 
below  the  design  ceiling  of  25  psi. 

B-2  STRESS  ANALYSIS 

The  container  for  the  Linear  Actuator  Amplifier  System  has 
been  analyzed  for  structural  adequacy  to  withstand  the  vibrational 
and  shock  loading  specified  in  the  Airborne  Laser  Laboratory 
Reference  Manual  (ALLRM)  , 

For  purposes  of  this  document,  the  following  parameters  have 
been  adopted:  for  aluminum  allays  an  ultimate  strength  of 
42,000  psi,  a yield  strength  of  35,000  psi,  and  shear  strength 
of  18,000  psi;  for  normal  operating  .conditions , the  design  will 
limit  stresses  in  structural  members  to  20,000  psi  in  tension 
and  8,000  psi  in  shear;  for  crash  conditions,  the  design  will 
limit  stress  level  to  35,000  psi  in  tension  and  12,000  psi  in 
shear;  the  G-10  fiberglass  panel  used  for  the  printed  circuit 
board  has  a tensile  strength  of  25,000  psi?  for  normal  operating 
conditions,  design  stresses  within  this  material  will  be  limited 
to  10,000  psi. 

B-3  INERTIAL  LOADINGS 

The  inertial  load  factors  to  which  the  package  may  be  sub- 
jected are  as  shown  in  Table  1 of  the  ALLRM,  page  7.  These 
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inertial  load  factors  will  be  used  tc  analyze  the  package  in 
a non-rack  mounted  situation.  Flight,  taxi,  takeoff,  and  landing 
loads  act  in  combination;  that  is,  the  analysis  must  consider 
the  simultaneous  application  of  any  combination  of  these  load 
factors.  The  crash  load  factors,  however,  act  separately  upon 
the  package.  These  load  factors  will  not  be  used  in  life  cycle 
predictions  because  they  can  only  occur  under  unusual  combinations 
of  maneuvers.  The  structural  design  anticipates  mounting  the 
package  with  a four-point  anchor  bolt  attachment.  Figure  B-l 
shows  computed  tensile  and  shear  loads  acting  on  these  bolts  for 
the  conditions  shown.  Stress  analysis  of  critical  components  of 
the  package  indicate  the  stresses  shown  in  Figure  B-l.  All  of 
these  stress  levels  are  within  the  maximum  indicated  above. 

3-4  VIBRATION  LOADINGS 


The  package  will  be  analyzed  to  the  load  factor  and  ampli- 
fications shovm  in  Figure  B-2.  This  curve  represents  the  sinusoidal 
amplitude  input  by  base  motion  of  the  test  specimen  at  the  resonant 
frequency  of  the  specimen  for  the  ALL  aircraft.  Due  to  the  com- 
pactness of  the  PWB  board  spacing,  a 1 g sinusoidal  input  must 
be  considered  to  ensure  that  no  board  touches  another  during 
normal  operation.  An  analysis  which  considers  the  combined 
rigidity  of  the  G-10  circuit  board  and  of  the  aluminum  channel 

that  serves  as  a heat  sink  indicated  a composite  material  rigidity 
5 4 

of  3.15  x 10  psi-in  . For  purposes  of  determining  the  natural 
frequency  of  the  printed  circuit  board,  the  following  assumptions 
were  made:  that  the  printed  circuit  board  is  simply  supported 
along  the  two  shorter  edges  and  is  free  along  both  of  the  longer 
edges;  and  that  the  weight  of  components  is  uniformly  distributed 
over  the  surface.  The  components  in  question  amount  to  approxi- 
mately 11  pounds  on  each  circuit  board.  The  combination  of 
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Shaded  area  is  Pi's 
PWB  design. 


rigidity  and  mass  loading  indicated  a natural  frequency  of  the 
board  of  about  66  Hz.  Figure  h-2  indicates  that  the  board  will 
be  subjected  to  1 g dynamic  loading  at  this  frequency,  so  the 
total  possible  g loading  will  consist  of  the  sum  of  the  dynamic 
and  inertial  loadings  or  a total  of  3.5  q.  Further  analysis 
indicates  that  the  1-g  sinusoidal  vibration  input  will  excite 
a double  amplitude  of  0.07  inch  in  a printed  circuit  board. 

This  selection  is  well  within  the  tolerable  maximum  permitted 
by  the  board  spacing  incorporated  into  the  design. 
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APPENDIX  C 


SUBSYSTEM  HAZARD  ANALYSIS 
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The  actuator  amplifier  system  has  a single  energy  source, 
the  120  to  208  V,  400  Hz  aircraft  power  supply.  A single  power 
connector  brings  it  to  the  chassis,  and  a single  circuit  breaker 
disconnects  it. 

The  system  chassis  is  designed  to  remain  physically  intact 
in  the  event  of  an  aircraft  crash  as  described  above. 

The  actuator  output  can  rise  in  voltage  to  1,5  kV  across 
the  actuators  and  above  ground.  One  side  of  the  actuator  will 
always  be  within  a few  volts  of  ground.  If  input  power  fails 
or  is  shut  off,  if  the  cabinet  cover  cn  the  high-voltage  side 
is  lifted,  or  if  the  flow  of  cooling  water  fails,  the  hot  sides 
of  all  actuators  are  grounded  and  the  power-on-reset  circuitry 
prevents  any  additional  high  voltage  from  being  generated.  Any 
internal  capacitors  in  the  system  not  crowbarred  at  this  point 
can  carry  only  low  voltage  (110  V or  less) . 

The  system  power  supply  is  designed  so  that  when  it  is 
started,  the  112-V  supply  is  the  last  to  come  up  to  voltage. 

This  design  eliminates  any  possibility  of  runaway  conditions, 
e.g.,  a PS  transistor  turned  on  continuously  on  startup.  Like- 
wise, when  the  power  supply  is  shut  down  or  cut  off,  the  112-V 
supply  is  the  first  to  go  down.  This  feature  will  ensure  that 
the  preset  input  to  the  HVG  flip-flop,  which  is  connected  to 
the  112-V  supply  through  a divider,  goes  active- low  while 
the  logic  is  still  functioning.  As  a result,  the  HVGs  will 
be  held  on  and  allow  the  load  to  discharge-,;  this  can  be 
done  without  danger  of  damaging  components.  The  discharge  would 
take  2 to  5 ms,  and  the  +7-V  supply  will  stay  powered  up  at 
least  that  long. 


142 


The  solid  aluminum  housing  of  the  chassis  provides  protection 
against  RFI/EMI.  The  cable  carrying  the  61  analog  command  inputs 
consists  of  61  shielded  cables,  and  the  shields  are  internally 
connected  to  ground. 

The  screwdriver-adjusted  trimpots  are  mounted  in  such  a way 
that  it  is  not  possible  to  touch  high  voltage  by  inserting  a 
screwdriver  through  any  of  the  access  holes  to  the  trimpots. 
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APPENDIX  D 
SCHEMATIC  DIAGRAMS 
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The  overall  schematic  diagram  submitted  with  the  Phase  I 
report  was  redrawn  into  four  schematic  diagrams  at  the  time 
detailed  artwork  was  done.  These  four  pertained  to  the  three  PC 
boards:  logic,  -piggy  back,-  and  main/driver,  and  to  the  heat 
Si nk/powor  stage  components.  Each  was  the  detailed  schematic 

® 0n°  °f  thC'  f°Ur  n’d:,0r  ^bassemblics  of  the  prototype.  These 

rawings  were  In  the  form  of  engineering  sketches. 

During  the  assembly  and  debugging  effort  these  drawings  were 

■<ept  up-to-date  with  all  changes  made.  Thus,  they  emerged  in  the 

.”rm  ° *8~built"  drawings.  They  are  included  here  as  Figures  D-2 
through  D-5, 


iho  common  logic  breadboard,  built  from  that  .action  of  -„e 
cvcrall  .chomatlc,  wa»  al.o  kept  up-to-date  during  the  debugging 
effort/  and  1.  redrawn  a.  an  illustration,  this  1.  Figure  9. 

A diagram  of  the  overall  .etup  of  the  prototype  .ubaoeembll.,, 
the  common  logic  breadboard,  and  the  power  .applies  „a.  first 
submitted  as  an  engineering  drawing  with  the  Equipment  Test  Flan, 
is  Included  here,  as-built,  in  the  form  of  an  overall  schematic 

illustrating  the  interrelationship  of  the,  subassemblies,  this 
is  Figure  0-J . 
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Figure  D-l.  Actuator  amplifier  prototype  and  common 
logic  breadboard  wiring  diagram. 
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PC  board  No.  2 (piggyback)  schematic 
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Heat  Sink  and  Mounted  Components  (cont. 


The  breadboard/prototype  assembly  should  be  operated  only 
with  a specified  load  of  0.05  pf  capacitance  and  at  a sufficient 
working  voltage  rating,  or  a PZ  stack  of  proper  capacitance  and 
voltage  rating. 

It  is  possible  to  operate  one  channel  at  a time  by  pulling 
the  fuse  of  the  other.  These  fuses,  when  installed,  should  have 
a rating  of  5 A.  Slo-blo  or  MDL  types  should  not  be  used.  It 
is  to  be  noted  that  logic  power,  including  +7  V and  -7  V,  still 
reaches  a channel  even  if  the  fuse  is  pulled. 

It  is  recommended  that  regulated  power  supplies  be  used  with 
current  limits,  and  these  current  limits  be  set  to  the  maximum 
current  draw  ratings  listed  in  Table  1. 

When  powering  up  the  assembly,  the  +5  V,  -10  V,  +15  V,  and 
-15  V power  supplies  should  first  be  turned  on;  then  the  +7  V 
and  -7  V supplies  should  be  turned  on.  Finally  the  112  V power 
supply  should  be  turned  on.  When  powering  down,  the  reverse 
sequence  should  be  followed. 

In  its  present  status,  channel  8 should  be  operated  only  up 
to  +1325  V,  and  both  channels  should  not  have  step  commands  of 
ana  greater  than  ±1200  V.  Also,  it  is  suggested  that  when 
powering  up,  signals  of  zero  or  nearly  zero  volts  prevail. 


APPENDIX  G 
CALIBRATION 


Since  the  actuator  amplifier  prototype  breadboard  has  a 
specified  gain  of  150  and  an  offset  of  zero,  but  is  provided  with 
gain  and  offset  trimpot  adjustments,  a procedure  is  necessary  for 
bringing  the  actuator  amplifier  to  its  specifications. 

The  two  channels  are  adjusted  independently.  Each  is  pro- 
vided with  a gain  adjustment  trimpot  and  an  offset  adjustment 
trimpot.  Each  is  a multiturn  screwdriver-adjustment  trimpot. 

Calibration  Procedure: 

1.  Support  the  logic-piggyback  assembly  by  suitable 
means  so  that  the  act  of  adjusting  the  trimpots  does 
not  short  out  clip  leads  bringing  in  signals; 

2.  With  suitable  loads  connected,  power  up  breadboard; 

3.  Ground  input  No.  7 by  clipleading  its  signal  lead 
to  its  local  ground  lead  (do  not  use  other  ground 
terminal  posts),; 

4.  Adjust  R91  (see  Figure  G-l)  so  as  to  bring  output  to 
0 V (±15  V) ; X 

5.  Apply  8.00  V to  the  input,  increasing  it  slowly 
to  the  8 V so  as  to  avoid  applying  much  greater  than 
8 V; 

6.  Adjust  R,.  so  as  to  bring  output  to  1200  V (+15  V); 

7.  Repeat  steps  3 through  6 for  channel  8. 


Channel 
7 Logic 


Channel 
3 Logic 


LIST  OF  TAPES 


Following  are  the  contents  of  the  tapes  made  during  the 
contractual  tests.  The  tapes  recorded  are  labeled  in  sequence. 
Each  tape  has  20  files.  one  file  holds  1 array  on  the  Norland, 

Up  to  four  files  can  be  recorded  at  one  time.  Tapes  are  recorded 
on  the  A-side  only,  except  as  noted. 


Tape 


File  Channel  Test 


1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 
1 
2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 


7 

7 

7 

7 

7 

7 

7 

7 

8 
8 
8 
8 
8 
8 
8 
8 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 


1A 

0 V,  output 

1A 

0 V,  input 

IB 

500  V, 

output 

l.B 

500  V, 

input 

1C 

1000  V, 

output 

1C 

1000  V, 

input 

ID 

1500  V, 

output 

ID 

1500  V, 

input 

1A 

0 V , ou  tpu  L 

1A 

C V,  input 

IB 

500  V, 

output 

IB 

500  V, 

input 

1C 

1000  V, 

output 

1C 

1000  V, 

input 

ID 

1500  V, 

output 

ID 

1500  V, 

input 

2 A 

output 

2A 

input 

2B 

output 

2J.1 

input 

20 

output 

2C 

input 

2D 

output 

2D 

input 

2E 

output 

2E 

input 

2F 

output 

2F 

input 

20 

output 

P.G 

input 

2H 

output 

2H 

input 

2 J 

output 

2 J 

input 

18  0 


i£e 

File 

Channel 

Test 

2 

15 

8 

2 A 

output 

2 

16 

8 

2A 

input 

2 

17 

8 

2B 

output 

2 

18 

8 

2B 

input 

2 

19 

Calculating  program  for 

and 

standard 

deviation  s 

3 

1 

8 

2C 

output 

3 

-> 

8 

2C 

input 

3 

3 

8 

2D 

output 

3 

4 

8 

2D 

input 

■*» 

O 

5 

8 

2E 

output 

3 

6 

8 

2E 

input 

3 

7 

8 

2F 

output 

3 

8 

8 

2F 

input 

3 

9 

8 

2G 

output 

3 

10 

8 

2G 

input 

3 

11 

8 

2H 

output 

3 

12 

8 

2H 

input 

3 

13 

8 

2 J 

output 

3 

14 

8 

2 J 

input 

3 

15 

3 

3A 

output 

3 

16 

7 

3A 

input 

3 

17 

7 

3B 

output 

3 

18 

7 

3B 

input 

3 

19 

7 

3C 

output 

3 

20 

7 

3C 

input 

4 

1 

7 

3D 

output 

4 

2 

7 

3D 

input 

4 

3 

7 

3E 

output 

4 

4 

7 

3E 

input 

4 

5 

7 

3F 

output 

4 

6 

7 

3F 

input 

4 

7 

7 

3G 

output 

4 

8 

7 

30 

input 

4 

9 

7 

3H 

input 

4 

10 

7 

3H 

input 

4 

11 

8 

3A 

output 

4 

12 

8 

3 A 

input 

4 

13 

8 

3B 

output 

4 

14 

8 

3B 

input 

4 

15 

8 

3C 

output 

4 

16 

8 

3C 

input 

4 

17 

8 

3D 

output 

4 

18 

8 

3D 

input 

4 

19 

8 

3E 

output 

4 

20 

8 

3E 

input 

6 

1 

rv 

O 

IP 

-J  L 

O n t-  m 1 1* 
*•*  — - r — • 

5 

2 

8 

3F 

input 

5 

3 

8 

30 

output 

5 

4 

8 

30 

i npu  t 

linearitv 


slope , 


] B 7 


criOhO^o^o^OkajakO^atcncnONOcricna^a^CTscnaiuiLnLnuiuiLnLntncntnuiLn 
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File 

Channel 

Test 

5 

8 

3H 

output 

6 

8 

3H 

input 

7 

7 

4A 

output 

8 

7,8 

4A 

input 

9 

8 

4A 

output 

10 

7 

4B 

output 

11 

7,8 

4B 

input 

12 

8 

4B 

output 

13 

7 

4C 

output 

14 

7,8 

4C 

input 

15 

8 

4C 

output 

16 

7 

4D 

output 

17 

7,8 

4D 

input 

18 

a 

4D 

output 

1 

7 

4E 

output 

2 

7,8 

4E 

input 

3 

8 

4E 

output 

4 

7 

4F 

output 

5 

7,8 

4F 

input 

6 

8 

4F 

output 

7 

7 

4G 

output 

3 

7,8 

4G 

input 

9 

8 

4G 

output 

10 

7 

4H 

output 

11 

7,8 

4H 

input 

12 

8 

4H 

output 

13 

7 

4 J 

output 

14 

7,8 

4 J 

input 

15 

O 

O 

40 

output 

16 

7 

4K 

input 

17 

7 

4K 

output 

18 

7 

4L 

input 

19 

7 

4L 

output 

20  Calculating  program  for  sine  wave 

data  reduction  stored  here. 
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File 


Channel 


Test 


7 1 7 

7 2 7 

7 3 7 

7 4 7 

7 5 7 

7 6 7 

7 7 7 

7 8 7 

7 9 7 

7 10  7 

7 11  7 

7 12  7 

7 13  7 

7 14  7 

7 15  7 

7 16  7 

7 17  8 

7 18  8 

7 19  8 

7 20  8 

3 18 

8 2 8 

8 3 8 

8 4 8 

8 5 8 

8 6 8 

8 7 8 

8 8 8 

8 9 8 

8 10  8 

8 11  8 

8 12  8 


4M 

input 

4M 

output 

4N 

input 

4N 

output 

4P 

input 

4P 

output 

40 

input 

4Q 

output 

4 R 

input 

4 R 

output 

4 S 

input 

(200  Hz) 

43 

output 

(200  Hz) 

4T 

input 

(500  Hz) 

4T 

output 

(500  Hz) 

4U 

input 

(1  kHz) 

4U 

output 

(1  kHz) 

4 K 

input 

4K 

output 

4l 

output 

4L 

input 

4M 

output 

4M 

input 

4N 

output 

4N 

input 

4p 

output 

4P 

input 

40 

output 

4Q 

input 

4R 

output 

4 R 

input 

4S 

output 

(200  Hz) 

4 S 

input  i 

(200  Hz) 

Tape 

File 

Channel 

Test 

8 

13 

8 

4T 

output  (500 

Hz) 

8 

14 

8 

4T 

input  (500 

Hz) 

8 

15 

8 

5A 

output 

8 

16 

8 

5A 

input 

8 

17 

7 

5A 

input 

8 

18 

7 

5A 

output 

9A 

1 

8 

5B 

output 

9a 

2 

8 

5B 

input 

9A 

3 

7 

5B 

input 

9 A 

4 

7 

5B 

output 

9A 

5 

8 

5C 

output  (+2. 

5 V,  +5  V) 

9A 

6 

8 

5C 

input  (+2. 

5 V,  +5  V) 

9A 

7 

7 

5C 

input  (+2. 

5 Vr  +5  V) 

9A 

8 

7 

5C 

output  (+2. 

5 V,  +5  V) 

9A 

9 

(blank) 

9A 

10 

(blank) 

9A 

11 

8 

5D 

output 

9A 

12 

8 

5D 

input 

9A 

13 

7 

5D 

input 

9A 

14 

7 

5D 

output 

9A 

15 

8 

5E 

output 

9A 

16 

8 

5E 

input 

9A 

17 

7 

5E 

input 

9A 

18 

7 

5E 

output 

9A 

19 

(blank) 

9 A 

20 

(blank) 

9B 

1 

8 

5F 

output 

9B 

2 

8 

5F 

input 

9B 

3 

7 

5F 

output 

9B 

4 

7 

5F 

input 

9B 

5 

8 

5G 

output 

9B 

6 

8 

5G 

input 

9B 

7 

7 

5G 

output 

9B 

8 

8 

6 

output 

initial 

9B 

9 

8 

6 

input 

initial 

9B 

10 

7 

6 

output 

initial 

9B 

11 

7 

6 

input 

initial 

9B 

12 

8 

6 

output 

f inal 

9B 

13 

8 

6 

input 

final 

9B 

14 

7 

6 

output 

final 

9B 

15 

7 

6 

input 

final 
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The  programs  written  below  far  the  Norland  NI1200A  Program- 
mable Calculating  Oscilloscope  (PCO)  are  presented  here  in  the 
abbreviated  key-syntax  described  in  the  Norland  PCO  Operating 
Manual . 

The  program  below  allows  the  Norland  PCO  to  determine  the 
slope,  standard  deviation  voltage,  and  linearity  of  a ramp  being 
held  in  a display  array.  To  run  the  program,  put  the  P cursor 
near  the  beginning,  but  within  the  ramp  to  be  analyzed  and  the 
Q cursor  near  the  end  but  within.  When  the  program  ends,  m (slope) 
is  on  E,  (standard  deviation  voltage)  is  on  B'  and  o (linearity) 
is  on  C,  o is  referenced  to  AV,  the  difference  of  the  two 
initial  cursor  voltages. 

O . ► 3 < 

O . c 1 

0 . ► D' 

COOR 


ACOOR 


C / D E 

ACOOR 
T IF>  C' 

COOR 


A 


• * e ►-  A’ 

A'  + A ►>  A' 

V - A'  A' 

A'  * A'  A' 

B'  + A' 1»~  B' 

B'  + A'  »-  B' 

D'  + 1 • ► D' 

GOTO  1 1 
END 

B ' / D'  ► B ' 


/ B'  ► B' 

B ' / C <m~  C 

DPLY  E B'  C D'  DPLY 

The  following  program  can  be  used  to  calculate  the  gain  of  an 
amplifier  stage  by  analyzing  the  output  as  stored  in  a display  array 
of  the  Norland  POO  consisting  of  at  least  ten  cycles  of  sine  wave. 

0 . #-  A' 

0 . ► b' 

0 . C ' 

D IF>  ► a' 

PMAX 

COOR 

B + V ► B 

D - 1 . 1*-  d 

GOTO  5 
END 

B / 1 0 . fc>  0 
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D 


X 0 . 0 ► 

D F A' 

PMIN ' (blue  key  - PMIN) 

CO  OR 

C + V ► C 

D - 1 . 0 ► D 

GOTO  1 4 
END 

C / 1 0 . 0 ► c 

C / A ► E 

DPLY  ACE  DPLY 

To  run  the  program,  the  peak-to-peak  amplitude  is  first 
entered  into  A.  The  P cursor  is  placed  on  the  output  waveform 
to  be  analyzed  ahead  of  the  first  positive  peak.  A negative 
peak  must  be  ahead  of  this  position,  and  there  must  be  at  least 
ter.  peaks. 

On  noisy  waveforms,  the  program  might  not  run  properly; 
it  may  include  small  intermediate  peaks  away  from  the  true  peaks 
in  the  averages. 
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INSTRUMENTS  USED  IN  TESTS 
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Type  of 

Instrument  Manufacturer 


Power  supply 
0-120  V dc 
0-12  A,  reg. 

Sorenson 

1120S  Owned  by 

Leasametr ics 

Power  supply, 
0-50  V dc, 
0-0.5  A,  reg 

Power  Designs 

. dual 

TW50C5  40402 

3 % 

Power  supply, 
0-50  V dc 
0-0.5  A,  reg.< 

Power  Designs 

dual 

TW5005  4146 

3% 

Power  supply, 
0-50  V dc, 
0-1.5  A,  reg 

Heathkit 

IP-27  4623 

3% 

Power  supply, 
0-6Q  V dc, 

0-4  A,  reg. 

Lambda 

LK344A-  Govt.  #N01-  3% 

FM  HV-9-2253/ 

2253-A5 

Multimeter 

Simpson 

260-4  2010 

3* 

Multimeter 

Simpsor. 

260-6M  96535 

3% 

Multimeter 

Triplett 

310-C  4540 

3% 

x-y  strip 

Houston 

2000  1381 

0.2% 

chart  re- 
corder, 
analog  input 

Instruments 

Omnigraphic 

(linearity, 
0.1%;  repeat- 
ability, 0.1% 
resettability 
0.05%;  full 
scale  in  each 
case ) 

Function  gen-  IEC 

erator,  4 
function, 
gateable , 
triggerable, 
with  dc  offset 

F-74  40562 

frequency , 2 % , 
±1%  of  meter 
setting 

Programmable 

calculating 

oscilloscope 

Norland 

HI2001A  Govt 
owned 

time  base, 
0.01%  +1 

LSB;  aper- 

ture  time, 

2 ns;  aper- 
ture jitter 
0.2  ns  typ. 
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APPENDIX  K 

THEORY  OF  VARIABLE  LOAD 
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This  appendix  discusses  the  impacts  of  variation  in  load 
capacitance  and  the  effects  of  nonlinear  capacitance  on  amplifier 
performance.  This  subject  is  of  interest  because  there  is  some 
evidence  that  the  mirror  actuators  may  present  such  a load. 

The  actuator  amplifier  uses  resonant  charging  of  the  capaci- 
tive load.  The  resonant  circuit  consists  of  the  load  and 
(Figure  8).  The  period  of  resonance,  tor  a load  capacitance 
of  0.05  (it,  is  about  160  fi s.  The  resonant  period  is  inversely 
proportional  to  the  square  root  of  the  load  capacitance.  The 
power  switching  period  varies  from  1 to  16  (is,  that  is,  from 
2.5  to  40  percent  of  a quarter  period. 

The  predictor  function  of  the  control  logic  calculates  the 
time  the  PS  transistor  must  be  left  on  for  any  given  situation  of 
initial  stack  voltage  and  required  change;  in  general  the  time 
required  is  directly  proportional  to  the  lea'  capacitance,  or 
nearly  so.  By  design,  the  time  required  to  correctly  change  a 
0,05  fit  load  capacitance  is  correctly  calculated  for  all  combi- 
nations of  initial  stack  voltage  and  required  change.  However, 
because  of  various  assumptions  and  approx ima t 101 s in  the  design, 
as  well  as  inaccuracies  in  the  values  of  components  and  unwanted 
and/or  unanticipated  side  effects  (e.g.,  capacitance  within 
transistor  junctions),  there  is  some  error  in  the  time  interval 
calculations  even  with  the  0.05  fit  load  capac  i ta  ;e . 

Whenever  an  error  adds  up  to  less  than!  10  percent,  there 
is  no  problem,  for  the  width  of  the  dead  band  would  absorb  it. 

An  error  in  the  ±10  to  30  percent  range  is  no  real  problem  either, 
for  in  many  cases  the  dead  band  still  absorbs  it,  and  in  all 


200 


other  cases  a single  extra  clock  cycle  can  effect  a correction. 

The  only  noticeable  signs  present  are  a possible  slight  reduction 
of  the  slew  rate,  and  a slight  increase  of  switching  noise  for 
certain  types  of  signals. 

Errors  of  greater  than  ±30  percent  may  cause  some  significant 
problems,  and  errors  greater  than  ±50  percent  are  quite  likely  to 
do  so.  Over-timing  will  cause  over-predicting,  which  will  result 
in  overshoots,  an  increase  in  switching  noise,  and  possibly 
hunting.  Under-timing  will  lower  the  slew  rate  and  the  large- 
signal  frequency  response. 

Based  on  experience  with  the  breadboard  and  prototype,  the 
predicting  errors  of  an  operational  actuator  amplifier  channel, 
optimized  in  detail  design  and  properly  tuned,  can  be  expected  to 
be  less  than  20  percent  under  any  conditions,  and  roughly  balanced 
between  over-timing  and  under-timing . 

When  capacitive  load  of  other  than  0.05  yf  is  connected, 
the  predicting  errors  will  be  those  resulting  from  the  overload 
or  underload  on  top  of  those  already  present.  Thus,  a slight 
variation,  ±10  per  ent,  should  cause  no  undue  problems,  and 
variation  of  ±20  percent  most  probably  will  not. 

Greater  variations  may  cause  significant  problems.  Under- 
loading of  greater  than  30  percent  is  likely  to  result  in  hunting 
and  other  symptoms  of  excessive  switching  noise.  One  possible 
option  to  avoid  these  problems  would  be  to  parallel  the  load  with 
a padding  capacitor,  i.e.,  one  selected  so  that  its  value  plus 
the  load  equals  roughly  0.05  pf.  Another  option  would  be  to 
make  the  integrating  capacitor  C5  in  the  predicting  ramp  (Fig- 
ure 5)  a variable  trimmer.  This  would  allow  compensating  for 
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an  underload;  it  could  be  expected  to  do  so  for  a value  of  load 
down  to  40  percent  of  normal,  below  which  the  nonlinear  capacitance 
of  the  zener  diode  might  start  to  affect  the  ramp. 

Overloading  of  greater  than  30  percent  may  cause  serious 
problems  in  that  the  transformer  may  saturate  with  high  do  levels 
or  a large  amplitude  step  change.  The  slew  rate  and  the  large 
signal  frequency  response  will  decrease  in  inverse  proportion  to 
the  overload.  There  are  no  easy  options  to  compensate  for  this 
problem;  it  can  he  prevented  only  with  a physically  larger  trans- 
former, which  is  already  the  largest  single  component  of  the 
channel  amplifier. 

A nonlinear  load  capacitance  is  one  in  which  the  capacitance 
varies  incrementally  with  voltage;  this  is  also  true  where 
hysteresis  is  involved.  However,  the  actuator  amplifier  works 
by  effecting  incremental  changes  in  the  load  voltage.  Thus  a 
nonlinear  load  is  one  in  which  capacitance  changes  from  one 
clock  cycle  to  the  next,  but  can  be  considered  essentially 
constant  during  a clock  cycle. 

The  effects  of  incremental  undercapacitance  or  underloading 
are  similar  to  those  to  be  expected  if  the  overall  capacitance 
were  low,  except  that  this  is  most  likely  to  occur  at  high  dc 
voltage.  Here  the  effect  of  overpredicting  is  likely  to  be 
compensated  by  the  increased  setback  effect,  i.e. , the  voltage 
fall-off  on  the  load  just  after  the  HVG  opens  due  to  the  charging 
of  the  internal  capacitances  of  the  transistors,  diodes,  etc.  On 
the  other  hand,  such  options  as  padding  capacitors  and  tuning 
trimmers  are  obviously  not  available  on  an  incremental  basis. 

Incremental  overcupacitance  will  result  in  reduced  slew  rate, 
as  in  the  case  of  ove_  11  overcapacitance.  Transformer  saturation, 


however,  is  not  likely  to  be  a problem,  since  overcapacitance  is 
not  likely  to  occur  at  high  dc  voltage.  Saturation  due  to  large 
steps  would  not  be  a problem  either  if  the  overcapacitance  were 
present  only  over  a small  part  of  the  total  step  commanded. 
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Figure  9.  Common  logic  schematic. 


